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INTERMEDIATE METABOLISM PRODUCTS
TO POTENTIATE AMINOGLYCOSIDE
ANTIBIOTICS IN BACTERIAL INFECTIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a 35 U.S.C. § 371 National Phase
Entry Application of International Application No. PCT/
US2014/053425 filed Aug. 29, 2014, which designates the
U.S., and which claims benefit under 35 U.S.C. § 119(e) of
U.S. Provisional No. 61/871,554, filed Aug. 29, 2013, the
contents of each of which are incorporated herein by refer-
ence in their entirety.

SEQUENCE LISTING

The instant application contains a Sequence Listing which
has been submitted electronically in ASCII format and is
hereby incorporated by reference in its entirety. Said ASCII
copy, created on Aug. 19, 2016, is named 701586-078932-
US_SL.txt and is 6,596 bytes in size.

FIELD OF THE INVENTION

The field of the invention relates to elimination of bac-
terial persistence and treatment of chronic infections.

BACKGROUND

Bacterial persisters refer to a dormant sub-population of
cells tolerant to antibiotic treatment and are considered an
important source of chronic and recurrent infection. Bacte-
rial persistence is distinguished from antibiotic resistance by
the fact that persisters are not genetically different from
antibiotic susceptible cells. Instead, persistence results from
phenotypic population heterogeneity within an isogenic
population. Viewed as part of an epigenetic survival strategy,
persisters forfeit rapid growth in order to gain tolerance to
diverse stresses including antibiotics. Genetic studies have
uncovered a number of cellular phenomena involved in
bacterial persistence, including toxin-antitoxin modules and
the stringent response. Compositions and methods for elimi-
nating or reducing bacterial persisters are needed.

SUMMARY OF THE INVENTION

Bacteria have the propensity to reduce their metabolic rate
or enter dormancy forms of various intensities, influencing
their susceptibility to antibiotics and rendering treatment of
infections more difficult. Bacterial persistence is a state in
which a sub-population of dormant cells, termed herein as
“bacterial persisters,” tolerates antibiotic treatment. Bacte-
rial persisters have been implicated in biofilms and chronic
and recurrent infections. Despite this clinical relevance,
there are currently no ready means for eradicating persisters.

The compositions and methods described herein relate, in
part, to the discovery that metabolites from the tricarboxylic
cycle, as well as metabolites from f-oxidation, the urea
cycle, amino acid catabolism and lipid catabolism can be
used to potentiate killing of P. aeruginosa cells in various
reduced metabolic states in conjunction with aminoglyco-
sides. In experiments, described herein, amongst active
carbon sources, fumarate and succinate yielded very strong
results with regard to potentiation of antibiotic efficacy. The
inventors also found that glucose, pyruvate and propionate
also sensitize the bacterium to aminoglycoside antibiotics.
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This discovery can yield new treatment strategies for
chronic infections like those associated with cystic fibrosis
and biofilm-induced infections of gram-negative bacteria.
One advantage of the methods as described herein is that the
metabolites or compounds are relatively simple to use, they
are well tolerated, and they can be readily administered
using various routes (e.g., intravenous, inhalation, topical,
oral, etc.). For example, fumarate is already used in inha-
lation combinations with other pulmonary therapies (e.g.,
beta agonists) for the treatment of asthma, thus we know the
issues concerning toxicity. Another advantage is that the use
of metabolic compounds is inexpensive.

The work described herein establishes novel metabolic-
based strategies for eradicating bacterial persisters and high-
lights the critical importance of the metabolic environment
to antibiotic efficacy. Without wishing to be bound by theory,
the methods described herein take into account the require-
ment of aminoglycosides uptake on proton-motive force
generation, and that metabolites that induce proton-motive
force in persistent bacteria induce killing of persisters in an
uptake-dependent manner. The methods described herein are
also contemplated for use with planktonic phase bacteria.

Accordingly, in some aspects provided herein are meth-
ods for treating a chronic or persisting bacterial infection,
comprising: administering to a subject having a chronic or
persisting bacterial infection and undergoing treatment with
an aminoglycoside antibiotic, an effective amount of at least
one proton motive force stimulating compound as an adju-
vant, wherein the proton motive force stimulating compound
is a metabolite or compound of a metabolic pathway
selected from the group consisting of: the tricarboxylic acid
cycle (TCA), beta oxidation, the urea cycle, amino acid
catabolism, and lipid catabolism.

In one embodiment of this method and all such methods
described herein, the aminoglycoside antibiotic is strepto-
mycin, gentamicin, kanamycin A, or tobramycin.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic is
neomycin B, neomycin C, framycetin, paromomycin,
ribostamycin, amikacin, arbekacin, bekanamycin (kanamy-
cin B), dibekacin, spectinomycin, hygromycin B, paromo-
mycin sulfate, netilmicin, sisomicin, isepamicin, verdami-
cin, astromicin, neamine, ribostamycin, paromomycin or
lividomycin.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
the TCA cycle is acetate, citrate, isocitrate, a-ketoglutarate,
succinate, fumarate, malate, oxaloacetate, pyruvate, lactate,
analogs or derivatives thereof, or any combination thereof.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
[-oxidation is proprionate, and analogs or derivatives
thereof.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
the urea cycle is arginosuccinate, or analogs or derivatives
thereof.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
amino acid catabolism is alanine, cysteine, serine, valine,
threonine, isoleucine, methionine, aspartate, tyrosine, phe-
nylalanine, analogs or derivatives thereof, or any combina-
tion thereof.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
amino acid catabolism is alanine, cysteine, serine, valine,
threonine, isoleucine, methionine, aspartate, tyrosine, phe-
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nylalanine, arginine, lysine, glutamate, glutamine, aspara-
gine, glycine, tryptophan, leucine, histidine, and proline,
analogs or derivatives thereof, or any combination thereof.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
lipid catabolism is methylmalonic acid, propionic acid,
acetoacetic acid, hydroxybutyrate, analogs or derivatives
thereof, or any combination thereof.

In another embodiment of this method and all such
methods described herein, at least two proton motive force
stimulating compounds are administered as an adjuvant,
wherein the proton motive force stimulating compounds are
each a metabolite or compound of a metabolic pathway
selected from the group consisting of: the tricarboxylic acid
cycle (TCA), beta oxidation, the urea cycle, amino acid
catabolism, lipid catabolism, or any combination thereof.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic is
tobramycin and the at least one PMF stimulating compound
is fumarate.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic is
tobramycin and the at least one PMF stimulating compound
is succinate, citrate, oxaloacetate, ribose, arabinose, glucon-
ate, or propionate.

In another embodiment of this method and all such
methods described herein, the bacterial infection comprises
one or more gram positive or gram negative organisms. In
other embodiments of this method and all such methods
described herein, the bacterial infection comprises one or
more atypical bacteria, such as mycoplasma, chlamydia or
Mycobacteria).

In another embodiment of this method and all such
methods described herein, the bacterial infection comprises
one or more of Escherichia coli or Staphylococcus aureus.

In another embodiment of this method and all such
methods described herein, the bacterial infection comprises
one or more of species of Pseudomonas, Proteus, Serratia,
Citrobacter, Enterococcus, Klebsiella, Acinetobacter, Burk-
holderia, Stenotrophomonas, Achromobacter, or Entero-
bacter.

In another embodiment of this method and all such
methods described herein, the bacterial infection is a hos-
pital-acquired infection.

In another embodiment of this method and all such
methods described herein, the hospital-acquired infection is
caused by methicillin-resistant Staphylococcus aureus or
multidrug resistant Pseudomonas aeruginosa.

In another embodiment of this method and all such
methods described herein, the bacterial infection is charac-
terized by biofilm formation.

In another embodiment of this method and all such
methods described herein, the infection is recurrent.

In another embodiment of this method and all such
methods described herein, the subject having or at risk for a
chronic or persisting infection has a urinary tract infection;
infective endocarditis; an infection of the skin, nose, ears,
and/or eyes; external burns; an infection associated with
cystic fibrosis; an infection associated with a vascular
device; an infection associated with a bone prosthesis; a
prosthetic valve infection; a native valve infection; an infec-
tion associated with endometritis; an infections associated
with febrile neutropenia; an intraabdominal infections; men-
ingitis; an infection associated with osteomyelitis; an infec-
tion associated with pelvic inflammatory disease; an infec-
tion associated with peritonitis; an infection associated with
pneumonia; an infection associated with pyelonephritis; an
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infection associated with skin or soft tissue; an infection
associated with surgery, or an infection associated with
tularemia.

In another embodiment of this method and all such
methods described herein, the subject having or at risk for a
chronic or persisting infection is an immunocompromised
subject.

In another embodiment of this method and all such
methods described herein, the immunocompromised subject
is Human Immunodeficiency Virus-positive; a subject with
cystic fibrosis; or a subject having chronic obstructive
pulmonary disease.

In another embodiment of this method and all such
methods described herein, the subject having or at risk for a
chronic or persisting infection has had, is having, or will
have an invasive medical procedure.

In another embodiment of this method and all such
methods described herein, the subject having or at risk for a
chronic or persisting infection has an in-dwelling medical
device.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic and
PMF stimulating compound are administered topically.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic and
PMF stimulating compound are administered intravenously.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic and
PMF stimulating compound are administered intramuscu-
larly.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic and
PMF stimulating compound are administered via inhalation.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic is
not administered via oral administration.

Also provided herein are methods for inhibiting or delay-
ing biofilm formation or colonization on a surface, the
method comprising contacting a surface with an effective
amount of an aminoglycoside antibiotic and an effective
amount one or more PMF stimulating compounds, wherein
the one or more PMF stimulating compounds are each a
metabolite or compound of a metabolic pathway selected
from the group consisting of: the tricarboxylic acid cycle
(TCA), beta oxidation, the urea cycle, amino acid catabo-
lism, lipid catabolism, and combinations thereof.

In one embodiment of this method and all such methods
described herein, the aminoglycoside antibiotic is strepto-
mycin, gentamicin, kanamycin A, or tobramycin.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic is
neomycin B, neomycin C, framycetin, paromomycin,
ribostamycin, amikacin, arbekacin, bekanamycin (kanamy-
cin B), dibekacin, spectinomycin, hygromycin B, paromo-
mycin sulfate, netilmicin, sisomicin, isepamicin, verdami-
cin, astromicin, neamine, ribostamycin, paromomycin or
lividomycin.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
the TCA cycle is acetate, citrate, isocitrate, a-ketoglutarate,
succinate, fumarate, malate, oxaloacetate, analogs or deriva-
tives thereof, or any combination thereof.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
[-oxidation is propionate, and analogs or derivatives
thereof.
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In another embodiment of this method and all such
methods described herein, the metabolite or compound of
the urea cycle is arginosuccinate, or analogs or derivatives
thereof.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
amino acid catabolism is alanine, cysteine, serine, valine,
threonine, isoleucine, methionine, aspartate, tyrosine, phe-
nylalanine, analogs or derivatives thereof, or any combina-
tion thereof.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
amino acid catabolism is alanine, cysteine, serine, valine,
threonine, isoleucine, methionine, aspartate, tyrosine, phe-
nylalanine, arginine, lysine, glutamate, glutamine, aspara-
gine, glycine, tryptophan, leucine, histidine, and proline,
analogs or derivatives thereof, or any combination thereof.

In another embodiment of this method and all such
methods described herein, the metabolite or compound of
lipid catabolism is methylmalonic acid, propionic acid,
acetoacetic acid, hydroxybutyrate, analogs or derivatives
thereof, or any combination thereof.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic is
tobramycin and the at least one PMF stimulating compound
is fumarate.

In another embodiment of this method and all such
methods described herein, the aminoglycoside antibiotic is
tobramycin and the at least one PMF stimulating compound
is succinate, citrate, oxaloacetate, ribose, arabinose, glucon-
ate, or propionate.

In another embodiment of this method and all such
methods described herein, the biofilm comprises one or
more gram positive or gram negative organisms. In other
embodiments of this method and all such methods described
herein, the bacterial infection comprises one or more atypi-
cal bacteria, such as Mycoplasma, Chlamydia or Mycobac-
teria).

In another embodiment of this method and all such
methods described herein, the surface is a surface of an
in-dwelling medical device.

Also provided herein in another aspect is a pharmaceuti-
cal composition comprising a therapeutically effective
amount of an aminoglycoside antibiotic in combination with
a therapeutically effective amount of at least one metabolite
or compound of a metabolic pathway selected from the
group consisting of: the tricarboxylic acid cycle (TCA), beta
oxidation, the urea cycle, amino acid catabolism, lipid
catabolism, and combinations thereof.

In one embodiment of this composition and methods of
use thereof, the aminoglycoside antibiotic is tobramycin and
the metabolite or compound of the metabolic pathway is
fumarate,

In another embodiment of the compositions described
herein and methods of use thereof, the aminoglycoside
antibiotic is tobramycin and the at least one metabolite or
compound of the metabolic pathway is succinate, citrate,
oxaloacetate, ribose, arabinose, gluconate, or propionate.
Definitions

For convenience, certain terms employed herein, in the
specification, examples and appended claims are collected
here. Unless stated otherwise, or implicit from context, the
following terms and phrases include the meanings provided
below. Unless explicitly stated otherwise, or apparent from
context, the terms and phrases below do not exclude the
meaning that the term or phrase has acquired in the art to
which it pertains. The definitions are provided to aid in
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describing particular embodiments, and are not intended to
limit the claimed invention, because the scope of the inven-
tion is limited only by the claims. Unless otherwise defined,
all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill
in the art to which this invention belongs.

As used herein the term “comprising” or “comprises” is
used in reference to compositions, methods, and respective
component(s) thereof, that are essential to the invention, yet
open to the inclusion of unspecified elements, whether
essential or not.

As used herein the term “consisting essentially of” refers
to those elements required for a given embodiment. The
term permits the presence of additional elements that do not
materially affect the basic and novel or functional charac-
teristic(s) of that embodiment of the invention.

The term “consisting of” refers to compositions, methods,
and respective components thereof as described herein,
which are exclusive of any element not recited in that
description of the embodiment.

As used in this specification and the appended claims, the
singular forms “a,” “an,” and “the” include plural references
unless the context clearly dictates otherwise. Thus for
example, references to “the method” includes one or more
methods, and/or steps of the type described herein and/or
which will become apparent to those persons skilled in the
art upon reading this disclosure and so forth.

Other than in the operating examples, or where otherwise
indicated, all numbers expressing quantities of ingredients
or reaction conditions used herein should be understood as
modified in all instances by the term “about.” The term
“about” when used in connection with percentages can mean
*=1%.

Unless otherwise defined herein, scientific and technical
terms used in connection with the present application shall
have the meanings that are commonly understood by those
of ordinary skill in the art to which this disclosure belongs.
It should be understood that this invention is not limited to
the particular methodology, protocols, and reagents, etc.,
described herein and as such can vary. The terminology used
herein is for the purpose of describing particular embodi-
ments only, and is not intended to limit the scope of the
present invention, which is defined solely by the claims.
Definitions of common terms in immunology, and molecular
biology can be found in The Merck Manual of Diagnosis and
Therapy, 18th Edition, published by Merck Research Labo-
ratories, 2006 (ISBN 0-911910-18-2); Robert S. Porter et al.
(eds.), The Encyclopedia of Molecular Biology, published
by Blackwell Science Ltd., 1994 (ISBN 0-632-02182-9);
and Robert A. Meyers (ed.), Molecular Biology and Bio-
technology: a Comprehensive Desk Reference, published by
VCH Publishers, Inc., 1995 (ISBN 1-56081-569-8); Immu-
nology by Werner Luttmann, published by Elsevier, 2006.
Definitions of common terms in molecular biology are found
in Benjamin Lewin, Genes IX, published by Jones & Bartlett
Publishing, 2007 (ISBN-13: 9780763740634); Kendrew et
al. (eds.), The Encyclopedia of Molecular Biology, pub-
lished by Blackwell Science L.td., 1994 (ISBN 0-632-02182-
9); and Robert A. Meyers (ed.), Maniatis et al., Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor Labo-
ratory Press, Cold Spring Harbor, N.Y., USA (1982); Sam-
brook et al., Molecular Cloning: A Laboratory Manual (2
ed.), Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, N.Y., USA (1989); Davis et al., Basic Methods in
Molecular Biology, Elsevier Science Publishing, Inc., New
York, USA (1986); or Methods in Enzymology: Guide to
Molecular Cloning Techniques Vol. 152, S. L. Berger and A.
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R. Kimmerl Eds., Academic Press Inc., San Diego, USA
(1987); Current Protocols in Molecular Biology (CPMB)
(Fred M. Ausubel, et al. ed., John Wiley and Sons, Inc.),
Current Protocols in Protein Science (CPPS) (John E. Coli-
gan, et. al., ed., John Wiley and Sons, Inc.) and Current
Protocols in Immunology (CPI) (John E. Coligan, et. al., ed.
John Wiley and Sons, Inc.), which are all incorporated by
reference herein in their entireties.

It is understood that the following detailed description and
the following examples are illustrative only and are not to be
taken as limitations upon the scope of the invention. Various
changes and modifications to the disclosed embodiments,
which will be apparent to those of skill in the art, may be
made without departing from the spirit and scope of the
present invention. Further, all patents, patent applications,
and publications identified are expressly incorporated herein
by reference for the purpose of describing and disclosing, for
example, the methodologies described in such publications
that might be used in connection with the present invention.
These publications are provided solely for their disclosure
prior to the filing date of the present application. Nothing in
this regard should be construed as an admission that the
inventors are not entitled to antedate such disclosure by
virtue of prior invention or for any other reason. All state-
ments as to the date or representation as to the contents of
these documents are based on the information available to
the applicants and do not constitute any admission as to the
correctness of the dates or contents of these documents.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1B show data indicating that various carbon
sources enable killing of P aeruginosa persisters by
tobramycin. P. aeruginosa persisters were selected for by
quinolone selection. Persisters were then subjected to vari-
ous carbon sources from the Entner-Doudoroff pathway,
pentose phosphate pathway, and the tricarboxylic acid cycle,
as well as the bridging molecule between [-oxidation and
the TCA cycle (e.g., propionate). FIG. 1A shows survival of
persisters at 4 hours of incubation in the presence of the
carbon source and tobramycin. FIG. 1B shows the percent-
age over time of persisters after treatment with fumarate and
different classes of antibiotics.

FIGS. 2A-2B show data indicating that fumarate enables
killing of P. aeruginosa in stationary phase by tobramycin.
FIG. 2A shows potentiation of tobramycin with incremental
doses of fumarate. Tobramycin concentration of 40 mg/L is
a typical peak serum concentration achieved by i.v. admin-
istration. FIG. 2B shows the incremental doses of tobramy-
cin achieve higher killing when administered with fumarate.

FIGS. 3A-3F demonstrate metabolite-based potentiation
of aminoglycosides in P, aeruginosa stationary phase cells.
FIG. 3A shows that selection of compounds from the inter-
mediary metabolism was selected to assess potentiation of
tobramycin (TBR), including glycolysis, the pentose path-
way, the tricarboxylic acide cycle, comprising the glyoxylate
shunt and the compounds outside of it, as well as a link to
beta-oxidation. FIG. 3B shows survival in CFU per ml for
untreated cells (no AB) and cells treated with tobramycin
(TBR) at a concentration of 40 [mg/1], without carbon source
(CTRL), or ribose (RIB), arabinose (ARA), fructose (FRU),
mannitol (MAN), glucose (GLC), gluconate (GLN), pyru-
vate (PRV), acetate (ACE), oxaloacetate (OXA), Citrate
(CIT), glyoxylate (GLX), alpha-ketoglutarate (aK(@), succi-
nate (SUC), fumarate (FUM), and propionate (PRP).
mpentse at in stationary phase, concentration of carbon
sources were matched to have 60 mM of carbon. FIG. 3C
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8
shows effects of fumarate (FMR) and glyoxylate (GLX)
were compared to no carbon sources with a higher dose of
tobramycin (320 [mg/l]). FIG. 3D shows kinetics of
tobramycin potentiation by fumarate (FMR) compared to
tobramycin alone, fumarate alone or no treatment. FIG. 3E
shows dose-response curves of persister cells with either no
antibiotic or with fixed doses of tobramycin (ITBR) at a
concentration of [40 mg/1] are ploted for incremental doses
of fumarate (FMR) as compared to fumarate alone. FIG. 3F
shows dose-dependent response to tobramycin in the pres-
ence or absence of Fumarate.

FIGS. 4A-4E demonstrate metabolite-based potentiation
of aminoglycosides in P. aeruginosa persisters. FIG. 4A
shows persister establishment by ciprofloxacin selection;
conditions included no treatment (black line, O), 5 mg/l
(V), 10 mg/1 (A), 20 mg/l (M), 40 mg/1 (@) of ciprofloxacin.
FIG. 4B shows a panel of metabolites was also tested for
potentiation of tobramycin (TBR) at a concentration of [40
mg/l], without carbon source (CTRL), or ribose (RIB),
arabinose (ARA), fructose (FRU), mannitol (MAN), glucose
(GLC), gluconate (GLN), pyruvate (PRV), acetate (ACE),
oxaloacetate (OXA), Citrate (CIT), glyoxylate (GLX),
alpha-ketoglutarate (aKG), succinate (SUC), fumarate
(FUM), and propionate (PRP). The concentrations of carbon
sources were matched to have 60 mM of carbon. FIG. 4C
shows kinetics of tobramycin potentiation by fumarate
(FMR) compared to tobramycin. FIG. 4D shows dose-
response curves of persister cells with either no antibiotic or
with fixed doses of tobramycin (TBR) at a concentration of
[40 mg/l] are ploted for incremental doses of fumarate
(FMR) as compared to fumarate alone. FIG. 4E shows
dose-dependent response to tobramycin in the presence or
absence of fumarate.

FIGS. 5A-5E demonstrate potentiation in clinically rel-
evant contexts. FIGS. 5A-5B show kill curves for stationary
phase cells of CF-patient derived non-mucoid strains treated
with incremental doses of tobramycin and no carbon sources
(CTRL), fumarate (FMR) or pyruvate (PRV). FIG. 5C
shows same kill curves with a CF-patient derived non-
mucoid strain. FIG. 5D shows same kill curves with a
CF-patient derived strain with high antibiotic resistance
profile. FIG. 5E shows antibiotic killing of biofilms with
tobramycin (TBR) with no additional carbon source (CTRL)
or fumarate (FMR).

FIGS. 6A-6D demonstrate potentiating carbon sources
trigger increase in tobramycin uptake through PMF build-
up. FIG. 6A shows flow cytometry-based measurement of
fluorescence-labeled tobramycin in PAO1 cells treated
respectively with fumarate (FMR), pyruvate (PRV), glyoxy-
late (GLX) or without treatment (CTRL). FIG. 6B shows
measurement of oxygen consumption rate (OCR) of PAO1
cells treated respectively with fumarate (FMR), pyruvate
(PRV), glyoxylate (GLX) or without treatment (CTRL).
FIG. 6C shows flow cytometry assessment of tobramycin
uptake in the absence or presence of a PMF inhibitor
(NaN3). FIG. 6D shows assessment by survival assay of the
impact of various PMF inhibitors on tobramycin lethality in
stationary phase treated with carbon sources.

DETAILED DESCRIPTION

The compositions, approaches, and methods described
herein provide inexpensive and efficient methods to improve
treatment of chronic infections, and reduce, delay, or inhibit
formation of biofilms. These novel methods are easily
adapted to clinical settings as toxicity and efficacy of the
antibiotics and metabolites used have already been studied
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in vivo, and as dosing for both the antibiotics and metabo-
lites have been established. These approaches and therapeu-
tic methods are also useful with non-metabolic chemicals
that induce proton-motive force in bacteria. Additionally, the
approaches and methods described herein of inducing pro-
ton-motive force can be used to potentiate other classes of
antibiotics that also require proton-motive force for uptake.

There are few methods to eliminate persistent bacteria.
The antimicrobial field is primarily focused on developing
new antibiotics, which is time consuming and costly as it
requires the discovery of novel compounds with antibacte-
rial properties, and subsequent in vivo toxicity and efficacy
experiments for candidate antibiotics. The approaches and
methods described herein improve existing antibiotics,
through mechanistic understanding of their activity, and
development of PMF stimulating adjuvants or variants
thereof, such as, for example, acetate, citrate, isocitrate,
a-ketoglutarate, succinate, fumarate, malate, oxaloacetate,
alanine, cysteine, serine, valine, threonine, isoleucine,
methionine, aspartate, tyrosine, phenylalanine, arginosucci-
nate, methylmalonic acid, propionic acid, acetoacetic acid,
hydroxybutyrate, that induce proton-motive force.

Accordingly, provided herein are novel combinations of
aminoglycosides and adjuvants that stimulate proton-motive
force for use in therapeutic compositions and methods, such
as intravenous and topical treatment of chronic infections,
including for example, biofilm formation during or after
surgical interventions. In addition to such therapeutic uses,
the combinations of aminoglycosides and PMF stimulating
adjuvants described herein are useful for compositions and
methods of removing and reducing biofilms and persistent
bacteria in non-treatment settings, such as, for example,
bacteria-contaminated surfaces, planktonic phase bacteria,
and liquids.

Aminoglycosides and Proton-Motive Force Stimulating
Compounds

Provided herein, in some aspects, are compositions, such
as therapeutic compositions, comprising an effective amount
of an aminoglycoside antibiotic and an effective amount of
one or more PMF stimulating compounds or adjuvants that
stimulate proton-motive force.

As used herein, the term “aminoglycoside antibiotic”
refers to any naturally occurring drug, or semi-synthetic or
synthetic derivative, comprising a highly-conserved amino-
cyclitol ring (ring II), which is a central scaffold that is
linked to various amino-modified sugar moieties, that has
antibiotic activity, as the term is defined herein. The ability
to inhibit or reduce the growth of, or kill, one or more
microorganisms is referred to herein as “antibiotic activity.”
The aminocyclitol ring is comprised primarily of 2-deox-
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ystreptamine (2-DOS) and has 1,3-diamino functionality
and three or four hydroxyl groups that provide anchoring
points for aminosugar moieties Aminoglycosides can be
divided into 3 subclasses depending on the substitution
pattern: 4-monosubsituted, or 4,5- or 4,6-disubstituted. Ami-
noglycosides in each subclass show close structural resem-
blance. Aminoglycosides have several mechanisms of anti-
biotic activity, including, but not limited to, inhibition of
protein synthesis; interfering with proofreading processes
during translation, and causing increased rate of error in
synthesis with premature termination; inhibition of ribo-
somal translocation where the peptidyl-tRNA moves from
the A-site to the P-site; disruption of bacterial cell membrane
integrity; and/or binding to bacterial 30S ribosomal subunit.

Aminoglycosides have antibiotic activity against infec-
tions involving aerobic, gram-negative bacteria, such as, for
example, Pseudomonas, Acinetobacter, and Enterobacter.
In addition, some Mycobacteria, including the bacteria that
cause tuberculosis, are susceptible to aminoglycosides. Ami-
noglycosides are also useful for empiric therapy for serious
infections such as, for example, septicemia, intraabdominal
infections, urinary tract infections, and respiratory tract
infections, including nosocomial respiratory tract infections.
Infections caused by gram-positive bacteria and atypical
bacteria (e.g., mycoplasma, chlamydia and Mycobacteria)
can also be treated with aminoglycosides, in some embodi-
ments of the compositions and methods described herein.
Non-limiting examples of aminoglycosides useful in the
compositions and methods described herein include strep-
tomycin, gentamicin, kanamycin A, tobramycin, neomycin
B, neomycin C, framycetin, paromomycin, ribostamycin,
amikacin, arbekacin, bekanamycin (kanamycin B), dibeka-
cin, spectinomycin, hygromycin B, paromomycin sulfate,
netilmicin, sisomicin, isepamicin, verdamicin, astromicin,
neamine, ribostamycin, paromomycin, lividomycin, and
derivatives thereof of each of these aminoglycoside antibi-
otics, including synthetic and semi-synthetic derivatives.
Chemical structures of three representative classes of exem-
plary aminoglycoside antibiotics and their substitution sites
for use in the methods and compositions described herein
are provided below. As understood by one of skill in the art,
any compound or derivative having variations of the chemi-
cal structures provided below, and having antibiotic activity,
are suitable for use in embodiments of the methods and
compositions provided herein (see, for example, “Amino-
glycosides: Molecular Insights on the Recognition of RNA
and Aminoglycoside Mimics,” Chittapragada M. et al.,
Perspectives in Medicinal Chemistry, 2009: 3 21-37, the
contents of which are herein incorporated by reference in
their entireties).
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Accordingly, in some embodiments of the compositions
and methods described herein, the aminoglycoside antibiotic
is streptomycin. Streptomycin is a protein synthesis inhibi-
tor, and binds to the small 16S rRNA of the 30S subunit of
the bacterial ribosome, interfering with the binding of
formyl-methionyl-tRNA to the 30S subunit. This leads to
codon misreading, eventual inhibition of protein synthesis
and ultimately death of microbial cells through mechanisms
that are still not understood. Streptomycin is an antibiotic
that inhibits both Gram-positive and Gram-negative bacte-
ria, and is therefore a useful broad-spectrum antibiotic.
Exemplary chronic infections that can be treated using the
compositions and methods described herein comprising
streptomycin as the aminoglycoside antibiotic include, but
are not limited to, infective endocarditis caused by entero-
coccus when the organism is not sensitive to Gentamicin,
tuberculosis in combination with other anti-TB drugs, and
plague (Yersinia pestis). Streptomycin is also useful in the
compositions and methods described herein for use in vet-
erinary medicine applications, such as in treatments against
gram-negative bacteria in large animals (e.g., horses, cattle,
sheep etc.). Streptomycin can also be used, in some embodi-
ments of the compositions and methods described herein, as
a pesticide, to combat the growth of bacteria, fungi, and
algae. Streptomycin inhibits/reduces bacterial and fungal
diseases of certain fruit, vegetables, seed, and ornamental
crops, and inhibits/reduces algae in ornamental ponds and
aquaria, as well as inhibits/reduces fireblight on apple and
pear trees.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is kanamy-
cin or kanamycin A. Kanamycin interacts with the 30S
subunit of prokaryotic ribosomes. Kanamycin A induces
substantial amounts of mistranslation and indirectly inhibits
translocation during protein synthesis. Kanamycin A is
available in oral, intravenous, and intramuscular forms; can
be administered via aerosol formulation or irrigation, and
can be used to treat a wide variety of infections; and is used
in form of the sulfate.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is gentami-
cin. Gentamicin is an aminoglycoside antibiotic, used to
treat many types of bacterial infections, particularly those
caused by Gram-negative organisms. Gentamicin is a bac-
tericidal antibiotic that works, in part, by binding the 30S
subunit of the bacterial ribosome, interrupting protein syn-
thesis. Like other aminoglycosides, when gentamicin is
given orally, it is not systemically active. This is because it
is not absorbed to any appreciable extent from the small
intestine. Gentamicin can be administered intravenously,
intramuscularly or topically to treat infections, in different
embodiments of the methods and compositions described
herein. It appears to be completely eliminated unchanged in
the urine. Gentamicin is one of the few heat-stable antibi-
otics that remain active even after autoclaving, which makes
it particularly useful in the preparation of some microbio-
logical growth media. It can be used, for example, during
orthopedic surgery when high temperatures are required for
the setting of cements (e.g. hip replacements). Gentamicin is
active against a wide range of human bacterial infections,
mostly Gram-negative bacteria including, for example,
Pseudomonas, Proteus, Serratia, and the Gram-positive
Staphylococcus species. Gentamicin is also useful against
Yersinia pestis, its relatives, and Francisella tularvensis (the
organism responsible for Tularemia seen often in hunters
and/or trappers).
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In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is tobramy-
cin. Tobramycin is an aminoglycoside antibiotic with activ-
ity against Gram-positive and Gram-negative bacteria.
Tobramycin acts by inhibiting synthesis of protein in bac-
terial cells. Tobramycin has been shown to be active against
most strains of the following organisms both in vitro and in
clinical infections: aerobic and facultative Gram-positive
microorganisms, including, for example, Staphylococcus
aureus; aerobic and facultative Gram-negative microorgan-
isms, including, for example, Citrobacter sp., Enterobacter
sp., Escherichia coli, Klebsiella sp., Morganella morganii,
Pseudomonas aeruginosa, Proteus mirabilis, Proteus vul-
garis, Providencia sp., and Serratia sp.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is netilmi-
cin. Netilmicin is not absorbed from the gut and can there-
fore be given by injection or infusion. It can be used in the
treatment of serious infections particularly those resistant to
gentamicin.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is Sisomicin
(BACTOCEAZE or ENSAMYCIN), isolated from fermen-
tation broth of a species of the genus Micromonospora. It is
a newer broad-spectrum aminoglycoside, most structurally
related to gentamicin. Sisomicin is a predictably active
aminoglycoside against gram-positive bacteria. Like other
aminoglycosides, Sisomicin is bactericidal for sensitive
clinical isolates. The Minimum Bactericidal Concentrations
(MBC) for Sisomicin has been found to be equivalent or
very close to the Minimum Inhibitory Concentrations
(MIC). Most clinical isolates of Pseudomonas aeruginosa
remain susceptible to sisomicin.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is arbekacin,
a semisynthetic aminoglycoside antibiotic. It is primarily
used for the treatment of infections caused by multi-resistant
bacteria including methicillin-resistant Staphylococcus
aureus (MRSA). Arbekacin was originally synthesized from
dibekacin in 1973. It has been registered and marketed in
Japan since 1990 under the trade name HABEKACIN.
Generic versions of the drug are also available under such
trade names as DECONTASIN and BLUBATOSINE.
Arbekacin is used for the short term treatment of multi-
resistant bacterial infections, such as, for example, methi-
cillin-resistant Staphylococcus aureus (MRSA), as well as
enteric bacteria and other eubacteria. Arbekacin works by
binding to the bacterial 30S ribosomal subunit, causing
misreading of t-RNA which consequently, leaves the bacte-
rium unable to synthesize proteins vital to its growth.
Specifically, arbekacin binds to four nucleotides of 16S
rRNA and a single amino acid of protein S12. This interferes
with decoding site in the vicinity of nucleotide 1400 in 16S
rRNA of 30S subunit. This region interacts with the wobble
base in the anticodon of tRNA. This leads to misreading of
mRNA so incorrect amino acids are inserted into the poly-
peptide leading to nonfunctional or toxic peptides and the
breakup of polysomes into nonfunctional monosomes.
Arbekacin, like other aminoglycosides, is not well absorbed
from the gastrointestinal tract. Its absorption is markedly
improved by parenteral administration. Normal duration of
IM or IV arbekacin aminoglycoside antibiotic therapy is
7-10 days, although a longer duration may be necessary in
some cases.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is amikacin,
an aminoglycoside antibiotic used to treat different types of
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bacterial infections. Amikacin works by binding to the
bacterial 30S ribosomal subunit, causing misreading of
mRNA and leaving the bacterium unable to synthesize
proteins vital to its growth. Amikacin is often used for Gram
negative bacteria such as Pseudomonas aeruginosa, Acine-
tobacter, and Enterobacter, including, for example, treating
severe, hospital-acquired infections with multidrug resistant
Pseudomonas aeruginosa, Acinetobacter, and Enterobacter.
Serratia marcescens and Providencia stuartii are also
included in the spectrum. Amikacin can also be used to treat
non tubercular mycobacterial infections and tuberculosis,
when first line drugs fail to control the infection. Amikacin
can be combined, in some embodiments, with a beta-lactam
antibiotic for empiric therapy for people with neutropenia
and fever. In some embodiments of the methods and com-
positions described herein, amikacin can be combined or
administered with fosfomycin (also known as phosphomy-
cin, phosphonomycin and the trade names MONUROL and
MONURIL), for treatment of certain infections, such as for
example, urinary tract infection.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is neomycin.
Neomycin is overwhelmingly used as a topical preparation,
such as NEOSPORIN. It can also, in some embodiments, be
administered orally. Neomycin is not absorbed from the
gastrointestinal tract and has been used as a preventive
measure for hepatic encephalopathy and hypercholesterol-
emia. By killing bacteria in the intestinal tract, it keeps
ammonia levels low and prevents hepatic encephalopathy,
especially prior to GI surgery. It has also been used to treat
small intestinal bacterial overgrowth. Similar to other ami-
noglycosides, neomycin has excellent activity against Gram-
negative bacteria, and has partial activity against Gram-
positive bacteria. It is not given intravenously, as neomycin
is extremely nephrotoxic (causes kidney damage), especially
compared to other aminoglycosides. The exception is when
neomycin is included, in very small quantities, as a preser-
vative in some vaccines—typically 0.025 mg per dose.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is framyce-
tin. Framycetin is commonly sold as SOFRAMYCIN and
SOFRA-TULLE. It also exists in veterinary products, as
Framycetin sulf. Like neomycin, framycetin has poor sys-
temic absorption. It can be used in topical preparations for
infections of the skin, nose, ears, and eyes, for example, in
combination with other antibacterial drugs and corticoster-
oids, in some embodiments. It can also be used for gastro-
intestinal infections, in some embodiments.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is paromo-
mycin (brand name HUMATIN), first isolated from Strep-
tomyces krestomuceticus in the 1950s. It is also called
monomycin and aminosidine. Paromomycin is an antibiotic
designed to fight intestinal infections such as cryptospori-
diosis, amoebiasis, and leishmaniasis. The route of admin-
istration of paromomycin can be intramuscular injection and
capsule, in some embodiments.

Provided herein in some embodiments, are combinations
of aminoglycoside antibiotics and other antibiotics for
potentiation by one or more PMF-stimulating compounds.
As used herein, the term “antibiotic” refers to any compound
known to one of ordinary skill in the art that will inhibit or
reduce the growth of] or kill, one or more microorganisms,
including bacterial species and fungal species. Many anti-
bacterial compounds are relatively small molecules with a
molecular weight of less than 2000 atomic mass units. The
term “antibiotic” includes semi-synthetic modifications of
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various natural compounds, such as, for example, the beta-
lactam antibiotics, which include penicillins (produced by
fungi in the genus Penicillium), the cephalosporins, the
monobactams, and the carbapenems. Accordingly, the term
“antibiotic” includes, but is not limited to, aminoglycosides
(e.g., gentamicin, streptomycin, kanamycin), p-lactams
(e.g., penicillins, cephalosporins, monobactams, and car-
bapenems), vancomycins, bacitracins, macrolides (e.g.,
erythromycins), lincosamides (e.g., clindomycin), chloram-
phenicols, tetracyclines, amphotericins, cefazolins, clin-
damycins, mupirocins, sulfonamides and trimethoprim,
rifampicins, metronidazoles, quinolones, novobiocins, poly-
myxins, gramicidins, or any salts or variants thereof. The
antibiotic used in addition to the aminoglycoside antibiotic
various embodiments of the therapeutic compositions and
methods described herein will depend on the type of bac-
terial infection.

As demonstrated herein, the inventors have discovered
that compounds that stimulate proton-motive force, such as
high local concentrations (e.g., at least 5 mM or greater, at
least 6 mM or greater, at least 7 mM or greater, at least 8 mM
or greater, at least 9 mM or greater; at least 10 mM or
greater, at least 11 mM or greater, at least 12 mM or greater,
at least 13 mM or greater, at least 14 mM or greater; at least
15 mM or greater, at least 16 mM or greater, at least 17 mM
or greater, at least 18 mM or greater, at least 19 mM or
greater; at least 20 mM or greater, at least 25 mM or greater,
at least 50 mM or greater, at least 60 mM or greater, at least
100 mM or greater, at least 500 mM or greater, or more, or
all ranges or amounts in-between) of certain metabolites,
unexpectedly enhance the efficacy of known aminoglyco-
side antibiotics, thereby providing novel combinatorial
thereof compositions and methods for treating chronic or
persistent bacterial infections. The methods and composi-
tions described herein are formulated to ensure that an
effective amount of a proton-motive force (PMF) stimulat-
ing compound reaches the site of infection, thus overcom-
ing, for example, the known significantly decreased amounts
of blood glucose normally found at the site of an infection.
Accordingly, the compositions and methods described
herein comprise an effective amount of one or more proton-
motive force (PMF) stimulating compounds or adjuvants, in
addition to the aminoglycoside antibiotic.

The phrases “proton-motive force (PMF) stimulating
compound,” “proton-motive force (PMF) stimulating adju-
vant,” or “adjuvant that stimulates proton-motive force
(PMF),” as used herein, refer to an agent or compound,
including a metabolite, that causes or facilitates a qualitative
or quantitative increase in or stimulates proton gradients
used to generate chemiosmotic potential energy in cells
known as a “proton motive force,” where the potential
energy is used for the synthesis of ATP by oxidative phos-
phorylation. Without wishing to be bound by theory, by
increasing proton-motive force in persister bacteria, the
inventors have discovered that this increases or potentiates
aminoglycoside antibiotic uptake and killing of bacteria via
catabolism of carbon sources and increased oxidation of
NADH.

Accordingly, a proton-motive force (PMF) stimulating
compound or adjuvant can increase or stimulate PMF in a
cell, such as a bacterial cell, by about at least 10% or more,
at least 20% or more, at least 30% or more, at least 40% or
more, at least 50% or more, at least 60% or more, at least
70% or more, at least 80% or more, at least 90% or more,
at least 95% or more, at least 100%, at least 2-fold greater,
at least 5-fold greater, at least 10-fold greater, at least 25-fold
greater, at least 50-fold greater, at least 100-fold greater, at
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least 1000-fold greater, and all amounts in-between, in
comparison to a reference or control PMF level in the
absence of the proton-motive force (PMF) stimulating com-
pound, or in the presence of the aminoglycoside antibiotic
alone. Methods and assays to identify such PMF stimulating
compounds can be based on any method known to one of
skill in the art, are found throughout the specification, in the
drawings, and in the Example section, such as the metabolite
potentiation assays described at FIGS. 1A-1B and 2A-2B,
for example.

As used herein, the term “adjuvant” refers to an agent
which enhances the pharmaceutical effect of another agent,
such as an aminoglycoside antibiotic. The PMF stimulating
compounds as disclosed herein function as adjuvants to the
aminoglycoside antibiotics, by enhancing the effect of the
aminoglycoside antibiotics by about at least 10% or more, at
least 20% or more, at least 30% or more, at least 40% or
more, at least 50% or more, at least 60% or more, at least
70% or more, at least 80% or more, at least 90% or more,
at least 95% or more, at least 100%, at least 2-fold greater,
at least 5-fold greater, at least 10-fold greater, at least 25-fold
greater, at least 50-fold greater, at least 100-fold greater, at
least 1000-fold greater and all amounts in-between as com-
pared to use of the aminoglycoside antibiotic alone.

The terms “agent” and “PMF stimulating compound” are
used interchangeably herein and refer to any compound or
substance such as, but not limited to, a small molecule,
nucleic acid, an amino acid, a metabolite or analogue
thereof, polypeptide, peptide, drug, ion, etc. An “agent” can
be any chemical, entity, or moiety, including, without limi-
tation, synthetic and naturally-occurring proteinaceous and
non-proteinaceous entities. In some embodiments, an agent
is a nucleic acid, a nucleic acid analogue, a protein, an
antibody, a peptide, an aptamer, an oligomer of nucleic
acids, an amino acid, or a carbohydrate, and includes,
without limitation, proteins, oligonucleotides, ribozymes,
DNAzymes, glycoproteins, siRNAs, lipoproteins, aptamers,
and modifications and combinations thereof etc. In certain
embodiments, as described herein, agents are metabolites.
Compounds can be known to have a desired activity and/or
property, e.g., potentiate aminoglycoside activity, or can be
selected from a library of diverse compounds, using screen-
ing methods known to one of ordinary skill in the art.

As used herein, the term “small molecule” refers to a
chemical agent which can include, but is not limited to, a
peptide, a peptidomimetic, an amino acid, an amino acid
analog, a polynucleotide, a polynucleotide analog, an
aptamer, a nucleotide, a nucleotide analog, an organic or
inorganic compound (e.g., including heterorganic and orga-
nometallic compounds) having a molecular weight less than
about 10,000 grams per mole, organic or inorganic com-
pounds having a molecular weight less than about 5,000
grams per mole, organic or inorganic compounds having a
molecular weight less than about 1,000 grams per mole,
organic or inorganic compounds having a molecular weight
less than about 500 grams per mole, and salts, esters, and
other pharmaceutically acceptable forms of such com-
pounds.

Accordingly, in some embodiments of the compositions
and methods described herein, the proton-motive force
(PMF) stimulating compound is an intermediate metabolite
or a metabolic stimuli, such as, for example, a compound or
a variant thereof associated with the tricarboxylic acid cycle
(TCA), the p-oxidative pathway, the amino acid catabolic
pathway, the urea cycle, and pathways of lipid catabolism.
Additional metabolites that can be used in combination with
a proton-motive force (PMF) stimulating compounds in
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some embodiments of the compositions and methods
described herein include, but are not limited to, sugars and
their analogs, such as, glucose, mannitol, and fructose, and
analogs thereof. For example, these can be used in combi-
nation with metabolites, such as acetate, citrate, isocitrate,
a-ketoglutarate, succinate, fumarate, malate and oxaloac-
etate. In some embodiments, metabolites for use as proton-
motive force (PMF) stimulating compounds in the compo-
sitions and methods described herein include, but are not
limited to, alanine, cysteine, serine, valine, threonine, iso-
leucine, methionine, aspartate, tyrosine, phenylalanine, argi-
nosuccinate, methylmalonic acid, propionic acid,
acetoacetic acid, hydroxybutyrate, and analogs or deriva-
tives thereof.

In some embodiments of the methods and compositions
described herein, the effective concentration of a proton-
motive force (PMF) stimulating compound being used (for
example, the local concentration achieved by administra-
tion) is at least 2.5 mM, at least 5 mM or greater, at least 6
mM or greater, at least 7 mM or greater, at least 8 mM or
greater, at least 9 mM or greater; at least 10 mM or greater,
at least 11 mM or greater, at least 12 mM or greater, at least
13 mM or greater, at least 14 mM or greater; at least 15 mM
or greater, at least 16 mM or greater, at least 17 mM or
greater, at least 18 mM or greater, at least 19 mM or greater;
at least 20 mM or greater, at least 25 mM or greater, at least
40 mM or greater, at least 50 mM or greater, at least 60 mM
or greater, at least 70 mM or greater, at least 80 mM or
greater, at least 90 mM or greater, at least 100 mM or greater,
at least 500 mM or greater, or more, or all ranges or amounts
in-between. In some embodiments, the concentrations
recited throughout the specification are local concentrations
(e.g., at the site of infection) and not the dose of a PMF
stimulating compound to be administered. As one of skill in
the art will appreciate, the dose to be administered in order
to achieve such local concentrations of the metabolite will
depend on the route of administration, the size of the
individual etc. Determining a dose to be administered to a
subject is well within the abilities of one of skill in the art.

In some embodiments, concentrations of the metabolites
and metabolic stimuli to be delivered as recited above are
further normalized for the number of carbon molecules that
will enter the TCA cycle. In one example, the amount of
carbon molecules entering the TCA cycle is normalized to
60 mM of carbon. For this example, the metabolite isoleu-
cine, which contains 6 carbon molecules, is administered at
a concentration of approximately 10 mM. As another
example, the metabolite methylmalonic acid, which contains
4 carbon molecules, would be administered at a concentra-
tion of approximately 15 mM. One of skill in the art can
easily calculate the normalized concentration to be admin-
istered based on the number of carbon molecules in the
metabolite to be administered.

Glucose analogs that can be used in some embodiments of
the methods and compositions described herein are known
in the art and include, but are not limited to, glucose
derivatives such as D-(+)-2-deoxyglucose, D-(+)-2-amino-
2-deoxy-glucose or N-acetyl D-(+)-2-amino-2-deoxyglu-
cose; D-mannose and mannose derivatives; D-glucose and
D-glucose derivatives, including but not limited to D-3-
amino-3-deoxy-glucose and D-2-amino-2-deoxy-glucose;
and D-galactose and galactose derivatives including but not
limited to D-2-deoxy-D-galasctose, D-4-amino-4-deoxy-ga-
lactose and D-2-amino-2-deoxy-galactose. The glucose or
glucose moiety thus can differ from D-glucose or a deriva-
tive such as 2-DG and 2-glucosamine in that it is an epimer
thereof. In addition, the glucose or glucose analog moiety
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can be a fluorinated derivative of any of the foregoing
compounds. Moreover, the oxygen in the ring of any of the
foregoing compounds can be substituted with an isostere
selected from the group consisting of S, sulfone, and the
like. For example, the glucose analog can be 5-thio-D-
glucose or a derivative thereof. The term “glucose analog”
also includes glucose derivatives, including, but not limited
to, derivatives having (C1-C12)acyl groups or (C1-C12)akyl
groups attached via —O— or —NH— groups at the 3- and
4-positions of the glucose molecules. Additionally, the glu-
cose derivative may have a solubility or partitioning effector
or component attached at the 1-, 3-, or 4-positions.

The type of bacterial infection being treated can be used
to determine, in some embodiments, what particular com-
bination of aminoglycoside antibiotic and one or more PMF
stimulating compounds to be given or administered to a
subject, using the methods and compositions described
herein. For example, in some embodiments of the compo-
sitions and methods described herein, the aminoglycoside
antibiotic is gentamicin and the proton-motive force (PMF)
stimulating compound is mannitol. In some embodiments of
the compositions and methods described herein, the amino-
glycoside antibiotic is tobramycin and the proton-motive
force (PMF) stimulating compound is fumarate. In some
embodiments of the compositions and methods described
herein, when the aminoglycoside antibiotic is tobramycin,
for example, the proton-motive force (PMF) stimulating
compound is succinate, citrate, oxaloacetate, pyruvate, glu-
cose, fructose, mannitol, ribose, arabinose, gluconate or
propionate. In another embodiment, a proton-motive force
(PMF) stimulating compound or metabolite can be used in
combination with at least one additional PMF-stimulating
compound for potentiating the effect of an aminoglycoside
antibiotic.

In some embodiments, the metabolites or compounds
used with the methods described herein are metabolites or
compounds within the tricarboxylic acid pathway itself, or
are metabolites or compounds (e.g., carbon sources) from
other metabolic pathways that feed into the tricarboxylic
acid cycle (e.g., f-oxidation of fatty acids, the urea cycle,
etc.). The terms “tricarboxylic acid cycle,” “TCA cycle”,
“the citric acid cycle” and “the Krebs’ cycle” are used
interchangeably herein.

In some embodiments, a combination of metabolites or
compounds are administered that enter at different levels of
the tricarboxylic acid cycle. For example, glucose (or pyru-
vate or acetate) can be combined with fumarate (or aspartate
or tyrosine or phenylalanine).

Chronic or Persisting Infections and Methods of Treatment
or Inhibition Thereof

As demonstrated herein, administration of an effective
amount of an aminoglycoside antibiotic and an effective
amount one or more PMF stimulating compounds can be
used in methods of treatment of chronic or persistent bac-
terial infections. Infections in which bacteria are either
slow-growing, persistent or in a biofilm pose a serious
clinical challenge for therapy because cells in these states
exhibit tolerance to the activity of antimicrobial agents, such
as antibiotics. Osteomyelitis, infective endocarditis, chronic
wounds, infections related to in-dwelling devices, infections
resulting from second- and third-degree burns, and bacterial
infections that are secondary complications of respiratory or
mucosal conditions, such as those arising from cystic fibro-
sis, sinusitis, and viral infections, are non-limiting examples
of infections that harbor persistent bacterial cells. Because
most antimicrobial agents exert maximal activity against
rapidly dividing cells, antimicrobial therapies for these
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infections are not optimal, requiring protracted treatment
times, high and sometimes toxic antibiotic doses, and dem-
onstrating higher failure rates. Without wishing to be bound
by theory, the novel methods and compositions described
herein, which combine an effective amount of an aminogly-
coside antibiotic and an effective amount one or more PMF
stimulating compounds, permits increased efficacy of known
aminoglycoside antibiotics, by enhancing their uptake via
PMF stimulation in bacterial cells, such as persister cells.

Accordingly, in some aspects, provided herein are meth-
ods for treating a chronic or persisting bacterial infection,
the methods comprising administering to a subject having or
at risk for a chronic or persisting bacterial infection an
effective amount of an aminoglycoside antibiotic and an
effective amount of at least one proton motive force (PMF)
stimulating compound as an adjuvant. The methods
described herein can, in some aspects and embodiments, be
used to inhibit, delay formation of; treat, and/or prevent or
provide prophylactic treatment of chronic infections and
infections by persistent bacteria, including bacterial infec-
tions caused by slow growing, stationary-phase or biofilm-
forming bacteria in animals, including humans.

In some aspects, provided herein are methods for inhib-
iting a chronic or persisting bacterial infection, the methods
comprising administering to a patient having or at risk for a
chronic or persisting bacterial infection an effective amount
of an aminoglycoside antibiotic and an effective amount of
at least one proton motive force (PMF) stimulating com-
pound as an adjuvant.

In some aspects, provided herein are methods for pre-
venting a chronic or persisting bacterial infection, the meth-
ods comprising administering to a patient having or at risk
for a chronic or persisting bacterial infection an effective
amount of an aminoglycoside antibiotic and an effective
amount of at least one proton motive force (PMF) stimu-
lating compound as an adjuvant.

In some aspects, provided herein are methods for treating
a subject having an infection caused by persister bacterial
cells, the methods comprising administering to a patient
having an infection caused by persister bacterial cells an
effective amount of an aminoglycoside antibiotic and an
effective amount of at least one proton motive force (PMF)
stimulating compound as an adjuvant.

In some aspects, provided herein are methods for treating
a chronic or persisting bacterial infection, comprising:
administering to a patient having a chronic or persisting
bacterial infection and undergoing treatment with an ami-
noglycoside antibiotic, an effective amount of at least one
proton motive force stimulating compound as an adjuvant.

The terms “persistent cell” or “persister bacterial cells”
are used interchangeably herein and refer to a metabolically
dormant subpopulation of microorganisms, typically bacte-
ria, which are not sensitive to antimicrobial agents such as
antibiotics. Persisters typically are not responsive, i.e., are
not killed or inhibited by antibiotics, as they have, for
example, non-lethally downregulated the pathways on
which the antibiotics act. Persisters can develop at non-
lethal (or sub-lethal) concentrations of the antibiotic.

In some embodiments of these methods and all such
methods described herein, the aminoglycoside antibiotic is
selected from streptomycin, gentamicin, kanamycin A, neo-
mycin B, neomycin C, framycetin, paromomycin,
ribostamycin, amikacin, arbekacin, bekanamycin (kanamy-
cin B), dibekacin, tobramycin, spectinomycin, hygromycin
B, paromomycin sulfate, netilmicin, sisomicin, isepamicin,
verdamicin, astromicin, neamine, ribostamycin, paromomy-
cin, and lividomycin. In some embodiments of these meth-
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ods and all such methods described herein, the aminogly-
coside antibiotic is selected from streptomycin, gentamicin,
and kanamycin A. In some embodiments of these methods
and all such methods described herein, the aminoglycoside
antibiotic is tobramycin.

In some embodiments of these methods and all such
methods described herein, the proton-motive force (PMF)
stimulating compound is a metabolite or a metabolic stimuli,
such as, for example, a compound that enters or is a
metabolite in the tricarboxylic acid cycle (TCA), the b-oxi-
dative pathway, the urea cycle, the amino acid catabolic
cycle, or in a lipid catabolic pathway, or a variant thereof. In
some embodiments of these methods and all such methods
described herein, the proton-motive force (PMF) stimulating
compound is selected from acetate, citrate, isocitrate, a-ke-
toglutarate, succinate, fumarate, malate, and oxaloacetate. In
some embodiments, metabolites for use as proton-motive
force (PMF) stimulating compounds in the compositions
and methods described herein include, but are not limited to,
alanine, cysteine, serine, valine, threonine, isoleucine,
methionine, aspartate, tyrosine, phenylalanine, arginosucci-
nate, methylmalonic acid, propionic acid, acetoacetic acid,
hydroxybutyrate, and analogs or derivatives thereof. In some
embodiments of these methods and all such methods
described herein, the proton-motive force (PMF) stimulating
compound is propionate.

As used herein, the terms “inhibit”, “decrease,” “reduce,”
“inhibiting” and “inhibition” have their ordinary and cus-
tomary meanings to generally mean a decrease by a statis-
tically significant amount, and include inhibiting the growth
or cell division of a persistent, slow growing, stationary-
phase causing a chronic infection, and/or biofilm bacteria, as
well as killing such bacteria. Such inhibition is an inhibition
of about 1% to about 100% of the growth of the bacteria
versus the growth of bacteria in the absence of the effective
amount of the aminoglycoside antibiotic and the effective
amount one or more PMF stimulating compounds. Prefer-
ably, the inhibition is an inhibition of about at least 10%, at
least 20%, at least 30%, at least 40%, at least 50%, at least
60%, at least 70%, at least 80%, at least 90%, at least 95%,
at least 98%, at least 99%, up to including 100%, of the
growth or survival of the bacteria in comparison to a
reference or control level in the absence of the effective
amount of the aminoglycoside antibiotic and the effective
amount one or more PMF stimulating compounds.

The terms “subject” and “individual” are used inter-
changeably herein, and refer to an animal, for example a
human, recipient of the aminoglycoside antibiotic and the
one or more PMF stimulating compounds, such as, for
example, tobramycin and fumarate. For treatment of those
disease states which are specific for a specific animal, such
as a human subject, the term “subject” refers to that specific
animal. The terms ‘non-human animals’ and ‘non-human
mammals’ are used interchangeably herein, and include
mammals such as rats, mice, rabbits, sheep, cats, dogs, cows,
pigs, and non-human primates. The term “subject” can also
encompass any vertebrate including but not limited to mam-
mals, reptiles, amphibians and fish.

As used herein, the terms “treat,” “treatment,” “treating,”
or “amelioration” refer to therapeutic treatments, wherein
the object is to reverse, alleviate, ameliorate, inhibit, slow
down or stop the progression or severity of a condition
associated with, a disease or disorder, such as a chronic
infection, and include one or more of: ameliorating a symp-
tom of a chronic infection or persistent, slow growing,
stationary-phase or biofilm bacterial infection in a subject;
blocking or ameliorating a recurrence of a symptom of a
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chronic infection or persistent, slow growing, stationary-
phase or biofilm bacterial infection in a subject; decreasing
in severity and/or frequency a symptom of a chronic infec-
tion or persistent, slow growing, stationary-phase or biofilm
bacterial infection in a subject; and stasis, decreasing, or
inhibiting growth of a chronic infection or persistent, slow
growing, stationary-phase or biofilm bacterial infection in a
subject. Treatment means ameliorating, blocking, reducing,
decreasing or inhibiting by about 1% to about 100% versus
a subject being treated with an aminoglycoside antibiotic but
in the absence of an effective amount of one or more PMF
stimulating compounds. Preferably, the ameliorating, block-
ing, reducing, decreasing or inhibiting is about at least 5%,
at least 10%, at least 20%, at least 30%, at least 40%, at least
50%, at least 60%, at least 70%, at least 80%, at least 90%,
at least 95%, at least 98%, at least 99%, up to and including
100% versus a subject being treated with an aminoglycoside
antibiotic but in the absence of treatment with an effective
amount of one or more PMF stimulating compounds. Treat-
ment is generally considered “effective” if one or more
symptoms or clinical markers are reduced. Alternatively,
treatment is “effective” if the progression of a disease is
reduced or halted. That is, “treatment” includes not just the
improvement of symptoms or markers, but also a cessation
of at least slowing of progress or worsening of symptoms
that would be expected in absence of treatment. Beneficial
or desired clinical results include, but are not limited to,
alleviation of one or more symptom(s), diminishment of
extent of disease, stabilized (i.e., not worsening) state of
disease, delay or slowing of disease progression, ameliora-
tion or palliation of the disease state, and remission (whether
partial or total), whether detectable or undetectable. The
term “treatment” of a disease also includes providing relief
from the symptoms or side-effects of the disease (including
palliative treatment).

As used herein, the phrase “alleviating a symptom of a
persistent or chronic infection” is ameliorating any condition
or symptom associated with the persistent infection. Alter-
natively, alleviating a symptom of a persistent infection can
involve reducing the infectious microbial (such as bacterial)
load in the subject relative to such load in an untreated
control. As compared with an equivalent untreated control,
such reduction or degree of prevention is at least 5%, at least
10%, at least 20%, at least 40%, at least 50%, at least 60%,
at least 80%, at least 90%, at least 95%, or 100% as
measured by any standard technique. Desirably, the persis-
tent infection is completely cleared as detected by any
standard method known in the art, in which case the per-
sistent infection is considered to have been treated. A patient
who is being treated for a persistent infection is one who a
medical practitioner has diagnosed as having such a condi-
tion. Diagnosis can be by any suitable means. Diagnosis and
monitoring can involve, for example, detecting the level of
microbial load in a biological sample (for example, a tissue
biopsy, blood test, or urine test), detecting the level of a
surrogate marker of the microbial infection in a biological
sample, detecting symptoms associated with persistent
infections, or detecting immune cells involved in the
immune response typical of persistent infections (for
example, detection of antigen specific T cells, or their
products, for example, antibody production).

As used herein, the terms “preventing” and “prevention”
have their ordinary and customary meanings, and include
one or more of: preventing chronic infection or colonization
of a persistent, slow growing, stationary-phase or biofilm
bacteria in a subject, or on a surface or on a porous material;
preventing an increase in the growth of a population of a
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persistent, slow growing, stationary-phase or biofilm bacte-
ria in a subject, or on a surface or on a porous material;
preventing development of a disease caused by a persistent,
slow growing, stationary-phase or biofilm bacteria in a
subject; and preventing symptoms of a chronic infection or
disease caused by a persistent, slow growing, stationary-
phase or biofilm bacteria in a subject. As used herein, the
prevention lasts at least about 0.5 days, 1 day, 2 days, 3 days,
4 days, 5 days, 6 days, 7 days, 10 days, 12 days, 15 days, 20
days, 25 days, 30 days, 35 days, 40 days or more days after
administration or application of the effective amount of the
aminoglycoside antibiotic and the effective amount one or
more PMF stimulating compounds, as described herein.

In some embodiments of the methods of treatment of
chronic or persistent bacterial infections or inhibiting the
growth of persistent bacteria described herein, the subject or
surface can be administered or contacted with a second
antibiotic concurrently or along with the effective amount of
the aminoglycoside antibiotic and the effective amount one
or more PMF stimulating compounds. Suitable second anti-
biotics include, for example, linezolide, dapromycin, ami-
noglycosides (e.g., gentamicin, streptomycin, kanamycin),
p-lactams (e.g., penicillins, carbapenems, monobactems,
and cephalosporins), vancomycins, bacitracins, macrolides
(e.g., erythromycins), lincosamides (e.g., clindamycin),
chloramphenicols, tetracyclines, amphotericins, cefazolins,
clindamycins, mupirocins, sulfonamides and trimethoprim,
rifampicins, metronidazoles, quinolones, novobiocins, poly-
myxins, gramicidins, or any salts or variants thereof.

In some aspects and embodiments of the methods of
inhibition, delay of formation, treatment, prophylaxis and
prevention of a persistent, slow growing, stationary-phase or
biofilm bacteria described herein, the methods can be used
for achieving a systemic and/or local effect against relevant
bacteria shortly before or after an invasive medical treat-
ment, such as surgery or insertion of an in-dwelling medical
device (e.g. joint replacement (hip, knee, shoulder, etc.)).
Treatment can be continued after invasive medical treat-
ment, such as post-operatively or during the in-body time of
the device.

Accordingly, in some aspects provided herein are meth-
ods of inhibiting or preventing formation or colonization of
a persistent, slow growing, stationary-phase or biofilm bac-
teria in a subject before, during, or after an invasive medical
treatment, comprising administering to a subject before,
during, and/or after an invasive medical treatment an effec-
tive amount of an aminoglycoside antibiotic and an effective
amount of at least one proton motive force (PMF) stimu-
lating compounds as an adjuvant.

In some such embodiments, the aminoglycoside antibiotic
and at least one proton motive force (PMF) stimulating
compound can be administered once, twice, thrice or more,
from 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 7 days or
more, to 10 hours, 9 hours, 8 hours, 7 hours, 6 hours, 5
hours, 4 hours, 3 hours, 2 hours, or 1 hour or immediately
before surgery for permitting a systemic or local presence of
the aminoglycoside antibiotic and at least one proton motive
force (PMF) stimulating compound. The pharmaceutical
composition or aminoglycoside antibiotic can, in some
embodiments, be administered after the invasive medical
treatment for a period of time, such as 1 day, 2 days, 3 days,
4 days, 5 days or 6 days, 1 week, 2 weeks, 3 weeks or more,
or for the entire time in which the device is present in the
body of the subject.
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As used herein, the term “bi-weekly” refers to a frequency
of every 13-15 days, the term “monthly” refers a frequency
of every 28-31 days and “bi-monthly” refers a frequency of
every 58-62 days.

In some embodiments of the methods described herein,
the surface of an in-dwelling device is coated by a solution,
such as through bathing or spraying, containing a concen-
tration of about 10 pg/ml to about 500 mg/ml of the
aminoglycoside antibiotic and at least one proton motive
force (PMF) stimulating compound described herein. In
particular embodiments, more specific ranges of concentra-
tions of the aminoglycoside antibiotic and at least one proton
motive force (PMF) stimulating compound can be used,
including: about 10 ug/ml to about 1 mg/ml, about 1 mg/ml
to about 100 mg/ml, about 10 mg/ml to about 500 mg/ml,
about 50 mg/ml to about 200 mg/ml, about 10 mg/ml to
about 100 mg/ml, about 100 mg/ml to about 500 mg/ml. In
some embodiments, specific concentrations of the amino-
glycoside antibiotic and at least one proton motive force
(PMF) stimulating compound can be used, including: about
10 ug/ml, about 50 ug/ml, about 100 ug/ml, about 250 ug/ml,
about 500 ug/ml, about 750 ug/ml, about 1 mg/ml, about 5
mg/ml, about 10 mg/ml, about 15 mg/ml, about 20 mg/ml,
about 25 mg/ml, about 30 mg/ml, about 40 mg/ml, about 50
mg/ml, about 75 mg/ml, about 100 mg/ml, about 250 mg/ml,
about 500 mg/ml, about 600 mg/ml, about 750 mg/ml, and
about 900 mg/ml. In some embodiments, the concentrations
recited above and throughout the specification are local
concentrations (e.g., at the site of infection) and not the dose
of'a PMF stimulating compound to be administered. As one
of skill in the art will appreciate, the dose to be administered
in order to achieve such local concentrations of the metabo-
lite will depend on the route of administration, the size of the
individual etc. Determining a dose to be administered to a
subject is well within the abilities of one of skill in the art.

In some embodiments of the methods described herein,
the concentration of the at least one proton motive force
(PMF) stimulating compound is at least 5 mM or greater, at
least 6 mM or greater, at least 7 mM or greater, at least 8 mM
or greater, at least 9 mM or greater; at least 10 mM or
greater, at least 11 mM or greater, at least 12 mM or greater,
at least 13 mM or greater, at least 14 mM or greater; at least
15 mM or greater, at least 16 mM or greater, at least 17 mM
or greater, at least 18 mM or greater, at least 19 mM or
greater; at least 20 mM or greater, at least 25 mM or greater,
at least 50 mM or greater, at least 60 mM or greater, at least
100 mM or greater, at least 500 mM or greater, or more, or
all ranges or amounts in-between.

In other embodiments of the methods described herein,
the concentration of fumarate is at least 5 mM or greater, at
least 6 mM or greater, at least 7 mM or greater, at least 8 mM
or greater, at least 9 mM or greater; at least 10 mM or
greater, at least 11 mM or greater, at least 12 mM or greater,
at least 13 mM or greater, at least 14 mM or greater; at least
15 mM or greater, at least 16 mM or greater, at least 17 mM
or greater, at least 18 mM or greater, at least 19 mM or
greater; at least 20 mM or greater, at least 25 mM or greater,
at least 50 mM or greater, at least 60 mM or greater, at least
100 mM or greater, at least 500 mM or greater, or more, or
all ranges or amounts in-between. In one embodiment of the
methods described herein, the concentration of fumarate is
between 5 mM-25 mM, between 10 mM-20 mM, between
10 mM-15 mM, or between 15 mM-20 mM. In some
embodiments, the concentration of fumarate is 15 mM.

When being applied to an in-dwelling medical device, the
surface can be coated by the solution containing an amino-
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glycoside antibiotic and at least one proton motive force
(PMF) stimulating compound before its insertion in the
body.

In some embodiments of the methods described herein, a
subject refers to a human subject having a chronic infection
or at increased risk for a chronic infection or biofilm
formation. A subject that has a chronic infection is a subject
having objectively measurable bacterial cells present in the
subject’s body. A subject that has increased risk for a chronic
infection includes subjects with an in-dwelling medical
device, for example, or a subject having or having had a
surgical intervention.

In some embodiments of the aspects described herein, the
methods of treating a subject having a chronic infection or
at increased risk for a chronic infection, further comprise the
step of selecting, diagnosing, or identifying a subject having
or at increased risk for chronic infection or biofilm forma-
tion. In such embodiments, a subject is identified as having
a chronic infection by objective determination of the pres-
ence of bacterial cells in the subject’s body by one of skill
in the art. Such objective determinations can be performed
through the sole or combined use of tissue analyses, blood
analyses, urine analyses, and bacterial cell cultures, in
addition to the monitoring of specific symptoms associated
with a chronic infection or biofilm formation.

In some embodiments of the methods described herein,
the subject having or at risk for a chronic infection is an
immunocompromised subject, such as, for example, HIV-
positive patients, who have developed or are at risk for
developing pneumonia from either an opportunistic infec-
tion or from the reactivation of a suppressed or latent
infection; subjects with cystic fibrosis, chronic obstructive
pulmonary disease, and other such immunocompromised
and/or institutionalized patients.

As used herein, “persistent infections” refer to those
infections that, in contrast to acute infections, are not
effectively cleared by a host immune response or by anti-
biotic administration. Persistent infections include for
example, latent, chronic and slow infections. In a “chronic
infection,” the infectious agent is present in the subject at all
times. However, the signs and symptoms of the disease can
be present or absent for an extended period of time, and the
infectious agent can have intermittent detectability. Non-
limiting examples of chronic infection include a variety of
bacterial infections, as described herein below, as well as
secondary bacterial infections resulting from or caused by
infection with another agent that suppresses or weakens the
immune system or that impairs clearance of host mucus or
secretions, such as acute predisposing or chronic viral infec-
tions, such as, for example, hepatitis B (caused by hepatitis
B virus (HBV)) and hepatitis C (caused by hepatitis C virus
(HCV)) adenovirus, cytomegalovirus, Epstein-Barr virus,
herpes simplex virus 1, herpes simplex virus 2, human
herpes virus 6, influenza viruses, parainfluenza viruses,
respiratory syncytial virus, varicella-zoster virus, hepatitis B
virus, hepatitis D virus, papilloma virus, parvovirus B19,
polyomavirus BK, polyomavirus JC, measles virus, rubella
virus, human immunodeficiency virus (HIV), human T cell
leukemia virus I, and human T cell leukemia virus 11, as well
as secondary bacterial infections resulting from or caused by
infection with a persistent parasitic infection, such as, for
example, Leishmania, Toxoplasma, Trypanosoma, Plasmo-
dium, Schistosoma, and Encephalitozoon.

Examples of infectious bacteria include, but are not
limited to: Helicobacter pyloris, Borelia burgdorferi, Legio-
nella pneumophilia, Mycobacteria sps (such as M. tubercu-
losis, M. avium, M. intracellulare, M. kansaii, M. gordonae,
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M. chelonae, and M. abscessus), Staphylococcus aureus,
Staphylococcus epidermidis, Neisseria gonorrhoeae, Neis-
seria meningitidis, Listeria monocytogenes, Streptococcus
pyogenes (Group A Streptococcus), Streptococcus agalac-
tiae (Group B Streptococcus), Streptococcus (viridans
group), Streptococcus faecalis, Streptococcus bovis, Strep-
tococcus (anaerobic sps.), Streptococcus pneumoniae,
pathogenic Campylobacter sp., Enterococcus sp. (such as,
Enterococcus faecalis), Haemophilus influenzae, Bacillus
anthracia, Bacillus cereus, Bifidobacterium bifidum,
Corynebacterium diphtheriae, Corynebacterium sp., Evysip-
elothrix rhusiopathiae, Clostridium  perfringens,
Clostridium tetani, Enterobacter aerogenes, Klebsiella
preumoniae, Pasturella multocida, Bacteroides sp., Fuso-
bacterium  nucleatum,  Streptobacillus  moniliformis,
Treponema pallidium, Treponema pertenue, Leptospira,
Actinomyces israelli, Lactobacillus spp.; Nocardia spp.;
Rhodococcus equi  (coccobacillus); Erysipelothrix rhu-
siopathiae; Actinomyces spp.; Clostridium botulinum;
Clostridium difficile; Mobiluncus spp., Peptostreptococcus
spp.; Moraxella catarrhalis; Veillonella spp.; Actinobacillus
actinomycetemcomitans, Acinetobacter baumannii; Borde-
tella pertussis; Bovdetella parapertussis;, Bordetella bron-
chiseptica, Brucella spp.; Campylobacter spp.; Capnocy-
tophaga spp.; Cardiobacterium hominis; Eikenella
corrodens; Francisella tulavensis; Haemophilus ducreyi;
Kingella kingae; Klebsiella granulomatis; Citrobacter spp.,
Enterobacter spp.; Escherichia coli; Proteus spp.; Salmo-
nella enteriditis; Salmonella typhi; Shigella spp.; Serratia
marcescens; Yersinia enterocolitica; Yersinia pestis; Aero-
monas spp.; Plesiomonas shigelloides; Vibrio cholerae;
Vibrio parahaemolyticus; Vibrio vulnificus; Acinetobacter
spp.; Flavobacterium spp.; Pseudomonas aeruginosa;
Pseudomonas putida; Pseudomonas syringae; Pseudomo-
nas fluovescens; Achromobacter xylosoxidans or Alcali-
genes xylosoxidans; Burkholderia cepacia complex, such as
Burkholderia pseudomallei, Burkholderia cepacia, B. mul-
tivorans, B. cenocepacia, B. vietnamiensis, B. dolosa;
Xanthomonas maltophilia or Stenotrophomonas maltophila;
Bacteroides fragilis; Bacteroides spp.; Prevotella spp.;
Fusobacterium spp.; Spirillum minus; Borrelia burgdorferi;
Borrelia recurrentis; Bartonella henselae; Chlamydia tra-
chomatis; Chlamydophila pneumoniae; Chlamydophila
psittaci;  Coxiella  burnetii;  Ehrlichia  chaffeensis;
Anaplasma phagocytophilum; Legionella spp.; Leptospira
spp.; Rickettsia rickettsii; Orientia tsutsugamushi; and
Chromobacterium violaceum. Mycobacterial infections that
can be ftreated using the methods and compositions
described herein include, but are not limited to, those caused
by: M. abscessus, M. africanum, M. asiaticum, Mycobacte-
rium avium complex (MAC), M. avium paratuberculosis, M.
abscessus, M. bovis, M. chelonae, M. fortuitum, M. gordo-
nae, M. haemophilum, M. intracellulare, M. kansasii, M.
lentiflavum, M. leprae, M. liflandii, M. malmoense, M.
marinum, M. microti, M. phlei, M. pseudoshottsii, M. scrofi-
laceum, M. shottsii, M. smegmatis, M. triplex, M. tubercu-
losis, M. ulcerans, M. uvium, and M. xenopi.

The compositions and methods described herein compris-
ing aminoglycoside antibiotics and PMF stimulating com-
pounds are contemplated for use in treating chronic infec-
tions with these bacterial species. Other infectious
organisms (such as protists) include: Plasmodium falci-
parum and Toxoplasma gondii. The compositions and meth-
ods described herein comprising aminoglycoside antibiotics
and PMF stimulating compounds are also contemplated for
use in treating infections with these species.
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Non-limiting examples of disorders/diseases caused by
bacterial infections include, but are not limited to, pneumo-
nia, including recurrent pneumonia, bronchitis, including
chronic or recurrent bronchitis, bacterial meningitis, cholera,
diphtheria, tuberculosis, anthrax, botulism, brucellosis,
campylobacteriosis, typhus, ear infections, including recur-
rent ear infections, gonorrhea, listeriosis, Lyme disease,
rheumatic fever, pertussis (Whooping Cough), plague, sal-
monellosis, scarlet fever, shigellosis, sinusitis, including
chronic sinusitis, syphilis, tetanus, trachoma, tularemia,
typhoid fever, and urinary tract infections, including chronic
urinary tract infections.

Accordingly, in various embodiments of methods and
compositions and methods described herein, the aminogly-
coside antibiotic used is determined based on the nature of
the bacterial infection or chronic infection in the subject.

For example, in some embodiments of the compositions
and methods described herein, if the chronic infection is:
infective endocarditis caused by Enterococcus when the
organism is not sensitive to Gentamicin; tuberculosis in
combination with other anti-TB drugs; and plague (Yersiria
pestis), the aminoglycoside antibiotic administered is strep-
tomycin.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is gentami-
cin, when the bacterial infection is a Gram-negative organ-
ism, such as, for example, Pseudomonas, Proteus, Serratia,
and when the bacterial infection is Gram-positive Staphy-
lococcus species, Yersinia pestis, its relatives, and Franci-
sella tularensis. In some embodiments of the compositions
and methods described herein, the aminoglycoside antibiotic
is gentamicin, when the chronic infection being treated or
prevented is, for example, bacteremia, bacterial endocardi-
tis, brucellosis, infections associated with external burns,
infections associated with cystic fibrosis, endocarditis, pros-
thetic valve infections due to S. viridans and S. bovis, native
valve infections due to staphylococci, prosthetic valve infec-
tions due to staphylococci, native valve or prosthetic valve
infections due to penicillin-resistant enterococci, infections
associated with endometritis, infections associated with
febrile neutropenia, intraabdominal infections, meningitis,
infections associated with osteomyelitis, infections associ-
ated with pelvic inflammatory disease, infections associated
with peritonitis, infections associated with plague, infections
associated with pneumonia, infections associated with
pyelonephritis, infections associated with skin or soft tissue,
infections associated with surgery, and infections associated
with tularemia.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is tobramy-
cin, when the bacterial infection is an aerobic and facultative
Gram-positive microorganisms, such as, for example,
Staphylococcus aureus; or an aerobic and facultative Gram-
negative microorganism, such as, for example, Citrobacter
sp., Enterobacter sp., Escherichia coli, Klebsiella sp., Mor-
ganella morganii, Pseudomonas aeruginosa, Proteus mira-
bilis, Proteus vulgaris, Providencia sp., and Serratia sp. In
some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is tobramy-
cin, when the chronic infection being treated or prevented is,
for example, bacteremia, infections associated with external
burns, infections associated with cystic fibrosis, endocardi-
tis, infections associated with febrile neutropenia, intraab-
dominal infections, meningitis, infections associated with
osteomyelitis, infections associated with peritonitis, infec-
tions associated with pneumonia, infections associated with
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pyelonephritis, sepsis, shunt infections, infections associ-
ated with skin or soft tissue, and infections associated with
tularemia.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is Sisomicin
(BACTOCEAZE or ENSAMYCIN), when the bacterial
infection is caused by a Gram-positive bacteria, or
Pseudomonas aeruginosa.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is arbekacin,
when the chronic infection is caused by multi-resistant
bacteria, such as, for example, methicillin-resistant Staphy-
lococcus aureus (MRSA), as well as enteric bacteria and
other eubacteria.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is amikacin,
when the chronic infection is caused by multidrug resistant
Gram negative bacteria, such as, for example, Pseudomonas
aeruginosa, Acinetobacter, and Enterobacter, as well as, for
example, Serratia marcescens and Providencia stuartii, and
non-tubercular mycobacterial infections and tuberculosis,
when first line drugs fail to control the infection.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is neomycin,
when the infection is caused by a Gram-negative bacteria,
and, in some embodiments, a Gram-positive bacteria.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is framyce-
tin, when the infection is a skin, nose, ear, and/or eye
infection.

In some embodiments of the compositions and methods
described herein, the aminoglycoside antibiotic is paromo-
mycin, when the infection is an intestinal infection, such as,
for example, cryptosporidiosis, amoebiasis, and leishmania-
sis.

In one embodiment, the infection is caused by a
Pseudomonas bacterium in a subject having cystic fibrosis,
chronic obstructive pulmonary disease (COPD) or bron-
chiectasis.

The methods and compositions described herein are spe-
cifically contemplated for the acute treatment of ventilator-
associated pneumonia in patients in intensive care and for
the acute treatment of burn patients.

Also provided herein, in some aspects, are methods of
inhibiting or delaying the formation of biofilms, comprising
administering to a subject in need thereof or contacting a
surface with an effective amount of an aminoglycoside
antibiotic and an effective amount one or more PMF stimu-
lating compounds. Specifically contemplated herein are
methods of inhibiting or delaying the formation of biofilms
on vascular devices, bone prostheses and other indwelling
medical device-related infections.

As used herein, a “biofilm” refers to mass of microorgan-
isms attached to a surface, such as a surface of a medical
device, and the associated extracellular substances produced
by one or more of the attached microorganisms. The extra-
cellular substances are typically polymeric substances that
commonly include a matrix of complex polysaccharides,
proteinaceous substances and glycopeptides. The microor-
ganisms can include, but are not limited to, bacteria, fungi
and protozoa. In a “bacterial biofilm,” the microorganisms
include one or more species of bacteria. The nature of a
biofilm, such as its structure and composition, can depend on
the particular species of bacteria present in the biofilm.
Bacteria present in a biofilm are often phenotypically, physi-
ologically, or metabolically different than corresponding
bacteria not in a biofilm, such as isolated bacteria or bacteria
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in planktonic suspension colony. “Polymicrobic biofilms”
are biofilms that include more than one bacterial species.

As used herein, the terms and phrases “delaying”, “delay
of formation”, and “delaying formation of” have their ordi-
nary and customary meanings, and are generally directed to
increasing the period of time prior to the formation of
biofilm, or a slow growing bacterial infection in a subject or
on a surface. The delay may be, for example, about 12 hours,
about 18 hours, about 24 hours, about 36 hours, about 48
hours, about 60 hours, about 72 hours, about 84 hours, about
96 hours, about 5 days, 6 days, 7 days, 8 days, 9 days, 10
days, or more Inhibiting formation of a biofilm, as used
herein, refers to avoiding the partial or full development or
progression of a biofilm, for example, on a surface, such as
a surface of an indwelling medical device.

The skilled artisan will understand that the methods of
inhibiting and delaying the formation of biofilms can be
practiced wherever bacteria, such as persistent, slow-grow-
ing, stationary-phase, or biofilm forming bacteria, can be
encountered. For example, the methods described herein can
be practiced on the surface of or inside of an animal, such
as a human; on an inert surface, such as a counter or bench
top; on a surface of a piece of medical or laboratory
equipment; on a surface of a medical or laboratory tool; or
on a surface of an in-dwelling medical device.

In some aspects, provided herein are methods of inhibit-
ing the formation of a biofilm on a surface or on a porous
material, comprising applying to or contacting a surface or
a porous material upon which a biofilm can form an ami-
noglycoside antibiotic and one or more PMF stimulating
compounds in an amount sufficient to inhibit the formation
of a biofilm. In some embodiments of these methods and all
such methods described herein, the surface is an inert
surface, such as the surface of an in-dwelling medical
device.

In some aspects, provided herein are methods of delaying
the formation of a biofilm on a surface or on a porous
material, comprising applying to or contacting a surface or
a porous material upon which a biofilm can form an ami-
noglycoside antibiotic and one or more PMF stimulating
compounds in an amount sufficient to delay the formation of
a biofilm. In some embodiments of these methods and all
such methods described herein, the surface is an inert
surface, such as the surface of an in-dwelling medical
device.

In some aspects, provided herein are methods of prevent-
ing the colonization of a surface by persistent bacteria,
comprising applying to or contacting a surface with an
aminoglycoside antibiotic and one or more PMF stimulating
compounds in an amount sufficient to prevent colonization
of the surface by persistent bacteria.

In the embodiments of the methods described herein
directed to inhibiting or delaying the formation of a biofilm,
or preventing the colonization of a surface by persistent
bacteria, the material comprising the surface or the porous
material can be any material that can be used to form a
surface or a porous material. In some such embodiments, the
material is selected from: polyethylene, polytetrafluoroeth-
ylene, polypropylene, polystyrene, polyacrylamide, poly-
acrylonitrile, poly(methyl methacrylate), polyamide, poly-
ester, polyurethane, polycarbonate, silicone, polyvinyl
chloride, polyvinyl alcohol, polyethylene terephthalate,
cobalt, a cobalt-base alloy, titanium, a titanium base alloy,
steel, silver, gold, lead, aluminum, silica, alumina, yttria
stabilized zirconia polycrystal, calcium phosphate, calcium
carbonate, calcium fluoride, carbon, cotton, wool and paper.
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In embodiments of the methods described herein of
inhibiting or delaying the formation of a biofilm, or pre-
venting the colonization of a surface by persistent bacteria,
a second antibiotic can be applied concurrently with the
aminoglycoside antibiotic and one or more PMF stimulating
compounds. Suitable second antibiotics include, for
example, linezolide, dapromycin, aminoglycosides (e.g.,
tobramycin, gentamicin, streptomycin, kanamycin),
p-lactams (e.g., penicillins, carbapenems, monobactams,
and cephalosporins), vancomycins, bacitracins, macrolides
(e.g., erythromycins), lincosamides (e.g., clindomycin),
chloramphenicols, tetracyclines, amphotericins, cefazolins,
clindamycins, mupirocins, sulfonamides and trimethoprim,
rifampicins, metronidazoles, quinolones, novobiocins, poly-
myxins, gramicidins, or any salts or variants thereof.

In some embodiments of these methods and all such
methods described herein, the persistent, slow growing,
stationary-phase or biofilm bacteria is any bacterial species
or population that comprises persistent cells, can exist in a
slow growing or stationary-phase, and/or that can form a
biofilm. In some such embodiments, the bacterium is
Staphylococcus aureus, Staphylococcus epidermidis, a van-
comycin-susceptible enterococci, a vancomycin-resistant
enterococci, a Staphylococcus species or a Streptococcus
species. In some such embodiments, the bacterium is
selected from vancomycin (VAN)-susceptible Enterococcus
faecalis (VSE), VAN-resistant . faecalis (VRE), and Staph.
epidermidis.

As used herein, the term “contacting” is meant to broadly
refer to bringing a bacterial cell and an aminoglycoside
antibiotic and one or more PMF stimulating compounds into
sufficient proximity that the aminoglycoside antibiotic and
one or more PMF stimulating compounds can exert their
effects on any bacterial cell present. The skilled artisan will
understand that the term “contacting” includes physical
interaction between an aminoglycoside antibiotic and one or
more PMF stimulating compounds and a bacterial cell, as
well as interactions that do not require physical interaction.

The methods described herein further encompass surfaces
coated by an aminoglycoside antibiotic and one or more
PMF stimulating compounds, and/or impregnated with an
aminoglycoside antibiotic and one or more PMF stimulating
compounds. Such surfaces include any that can come into
contact with a persistent, slow growing, stationary-phase,
biofilm bacteria. In some such embodiments, such surfaces
include any surface made of an inert material (although
surfaces of a living animal are encompassed within the
scope of the methods described herein), including the sur-
face of a counter or bench top, the surface of a piece of
medical or laboratory equipment or a tool, the surface of a
medical device such as a respirator, and the surface of an
in-dwelling medical device. In some such embodiments,
such surfaces include those of an in-dwelling medical
device, such as surgical implants, orthopedic devices, pros-
thetic devices and catheters, i.e., devices that are introduced
to the body of an individual and remain in position for an
extended time. Such devices include, but are not limited to,
artificial joints, artificial hearts and implants; valves, such as
heart valves; pacemakers; vascular grafts; catheters, such as
vascular, urinary and continuous ambulatory peritoneal
dialysis (CAPD) catheters; shunts, such as cerebrospinal
fluid shunts; hoses and tubing, such as tracheostomy tubes;
plates; bolts; valves; patches; wound closures, including
sutures and staples; dressings; and bone cement.

As used herein, the term “indwelling medical device,”
refers to any device for use in the body of a subject, such as
intravascular catheters (for example, intravenous and intra-
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arterial), right heart flow-directed catheters, Hickman cath-
eters, arteriovenous fistulae, catheters used in hemodialysis
and peritoneal dialysis (for example, silastic, central venous,
Tenckhoft, and Teflon catheters), vascular access ports,
indwelling urinary catheters, urinary catheters, silicone cath-
eters, ventricular catheters, synthetic vascular prostheses
(for example, aortofemoral and femoropopliteal), prosthetic
heart valves, prosthetic joints, orthopedic implants, penile
implants, shunts (for example, Scribner, Torkildsen, central
nervous system, portasystemic, ventricular, ventriculoperi-
toneal), intrauterine devices, tampons, dental implants,
stents (for example, ureteral stents), artificial voice prosthe-
ses, tympanostomy tubes, gastric feeding tubes, endotra-
cheal tubes, pacemakers, implantable defibrillators, tubing,
cannulas, probes, blood monitoring devices, needles, and the
like. A subcategory of indwelling medical devices refer to
implantable devices that are typically more deeply and/or
permanently introduced into the body. Indwelling medical
devices can be introduced by any suitable means, for
example, by percutaneous, intravascular, intraurethral, intra-
orbital, intratracheal, intraesophageal, stomal, or other route,
or by surgical implantation, for example intraarticular place-
ment of a prosthetic joint.

According to some embodiments of the methods
described herein, the in-dwelling medical device is coated
by a solution, such as through bathing or spraying, contain-
ing a concentration of about 10 ug/ml to about 500 mg/ml of
an aminoglycoside antibiotic and one or more PMF stimu-
lating compounds. In some embodiments, more specific
ranges of concentrations of the an aminoglycoside antibiotic
and one or more PMF stimulating compounds can be used,
including: about 10 ug/ml to about 1 mg/ml, about 1 mg/ml
to about 100 mg/ml, about 10 mg/ml to about 500 mg/ml,
about 50 mg/ml to about 200 mg/ml, about 10 mg/ml to
about 100 mg/ml, about 100 mg/ml to about 500 mg/ml. In
some embodiments, specific concentrations of an aminogly-
coside antibiotic and one or more PMF stimulating com-
pounds can be used, including: about 10 ug/ml, about 50
ug/ml, about 100 ug/ml, about 250 ug/ml, about 500 ug/ml,
about 750 ug/ml, about 1 mg/ml, about 5 mg/ml, about 10
mg/ml, about 15 mg/ml, about 20 mg/ml, about 25 mg/ml,
about 30 mg/ml, about 40 mg/ml, about 50 mg/ml, about 75
mg/ml, about 100 mg/ml, about 250 mg/ml, about 500
mg/ml, about 600 mg/ml, about 750 mg/ml, and about 900
mg/ml. The in-dwelling medical device can be coated by the
solution comprising an aminoglycoside antibiotic and one or
more PMF stimulating compounds before its insertion in the
body.

Dosing and Modes of Administration

One key advantage of the methods, uses and compositions
comprising the aminoglycoside antibiotics and/or PMF
stimulating compounds described herein, is the ability of
producing marked anti-bacterial effects in a human subject
having a chronic infection without causing significant tox-
icities or adverse effects. By adding PMF stimulating com-
pounds to a therapeutic regimen or method, the dosage of the
aminoglycoside antibiotic being administered can, in some
embodiments, be reduced relative to the normally adminis-
tered dosage. It is further contemplated herein that adding a
PMF stimulating compound to an antibiotic regimen will
allow the use of an antibiotic to which the bacteria was
previously resistant by restoring bacterial sensitivity to the
antibiotic. The efficacy of the treatments and methods
described herein can be measured by various parameters
commonly used in evaluating treatment of infections,
including but not limited to, reduction in rate of bacterial
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growth, the presence or number of bacterial cells in a sample
obtained from a subject, overall response rate, duration of
response, and quality of life.

Accordingly, a “therapeutically effective amount” or
“effective amount” of an aminoglycoside antibiotic or one or
more PMF stimulating compounds, to be administered to a
subject is governed by various considerations, and, as used
herein, refers to the minimum amount necessary to prevent,
ameliorate, or treat, or stabilize, a disorder or condition, such
as chronic infection. An effective amount as used herein also
includes an amount sufficient to delay the development of a
symptom of a chronic infection, alter the course of a chronic
infection (for example but not limited to, slow the progres-
sion of a symptom of the chronic infection, such as growth
of the bacterial population causing the chronic infection), or
reverse a symptom of the chronic infection. Thus, it is not
possible to specify the exact “effective amount”. However,
for any given case, an appropriate “effective amount” can be
determined by one of ordinary skill in the art using only
routine experimentation.

Effective amounts, toxicity, and therapeutic efficacy of the
aminoglycoside antibiotics or one or more PMF stimulating
compounds described herein, can be determined by standard
pharmaceutical procedures in cell cultures or experimental
animals, e.g., for determining the LD, (the dose lethal to
50% of the population) and the EDy, (the dose therapeuti-
cally effective in 50% of the population). The dosage can
vary depending upon the dosage form employed and the
route of administration utilized. The dose ratio between
toxic and therapeutic effects is the therapeutic index and can
be expressed as the ratio LDsy/ED,,. Compositions and
methods that exhibit large therapeutic indices are preferred.
A therapeutically effective dose can be estimated initially
from cell culture assays. Also, a dose can be formulated in
animal models to achieve a circulating plasma concentration
range that includes the ICs, (i.e., the concentration of the
aminoglycoside antibiotics or one or more PMF stimulating
compounds), which achieves a half-maximal inhibition of
symptoms) as determined in cell culture, or in an appropriate
animal model. Levels in plasma can be measured, for
example, by high performance liquid chromatography. The
effects of any particular dosage can be monitored by a
suitable bioassay. The dosage can be determined by a
physician and adjusted, as necessary, to suit observed effects
of the treatment.

Depending on the type and severity of the infection, about
1 mg/kg to 100 mg/kg (e.g., 0.1-20 mg/kg) of an aminogly-
coside antibiotic, such as tobramycin, or PMF stimulating
compound, such as fumarate, is an initial candidate dosage
range for administration to the subject, whether, for
example, by one or more separate administrations, or by
continuous infusion. A typical daily dosage might range
from about 1 pg/kg to about 100 mg/kg or more, depending
on the factors mentioned above. For repeated administra-
tions over several days or longer, depending on the condi-
tion, the treatment is sustained until the infection is treated
or cleared, as measured by the methods described above or
known in the art. However, other dosage regimens may be
useful. In one embodiment of the methods described herein,
the concentration of fumarate is between 5 mM-25 mM,
between 10 mM-20 mM, between 10 mM-15 mM, or
between 15 mM-20 mM. In some embodiments, the con-
centration of fumarate is 15 mM. The progress of the
therapeutic methods described herein is easily monitored by
conventional techniques and assays, such as those described
herein, or known to one of skill in the art. In some embodi-
ments, the concentrations of fumarate recited throughout the
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specification are local concentrations (e.g., at the site of
infection) and not the dose of a PMF stimulating compound
to be administered. As one of skill in the art will appreciate,
the dose to be administered in order to achieve such local
concentrations of the metabolite will depend on the route of
administration, the size of the individual etc. Determining a
dose to be administered to a subject is well within the
abilities of one of skill in the art.

For example, gentamicin can be highly nephrotoxic, par-
ticularly if multiple doses accumulate over a course of
treatment. For this reason gentamicin can be dosed by body
weight. Various formulae exist for calculating gentamicin
dosage, and are known to those of skill in the art. A number
of factors and determinants should be taken into account
when using gentamicin in the methods described herein.

In some embodiments, where neomycin is the aminogly-
coside antibiotic, available dosage forms include 10 mg/mlL.,
25 mg/l mL, 50 mg/ml, 100 mg/mL, and 150 mg/1.5 mL.

The duration of the therapeutic methods described herein
can continue for as long as medically indicated or until a
desired therapeutic effect (e.g., those described herein) is
achieved. In certain embodiments, administration of a com-
bination of an aminoglycoside antibiotic and one or more
PMF stimulating compounds is continued for at least 1
month, at least 2 months, at least 4 months, at least 6 months,
at least 8 months, at least 10 months, at least 1 year, at least
2 years, at least 3 years, at least 4 years, at least 5 years, at
least 10 years, at least 20 years, or for at least a period of
years up to the lifetime of the subject. In some embodiments
of the methods described herein, administration is continued
for as long as an in-dwelling device is present in the subject.

The aminoglycoside antibiotics and PMF stimulating
compounds described herein, can be administered, individu-
ally, but concurrently, in some embodiments, or, in other
embodiments, simultaneously, for example in a single for-
mulation comprising both an aminoglycoside antibiotic and
one or more PMF stimulating compounds, to a subject, e.g.,
a human subject, in accordance with known methods, such
as intravenous administration as a bolus or by continuous
infusion over a period of time, by intramuscular, intraperi-
toneal, intracerebrospinal, subcutaneous, intra-articular,
intrasynovial, intrathecal, oral, topical, or inhalation routes.
Exemplary modes of administration of the aminoglycoside
antibiotics and PMF stimulating compounds, include, but
are not limited to, injection, infusion, inhalation (e.g., intra-
nasal or intratracheal), ingestion, rectal, and topical (includ-
ing buccal and sublingual) administration. Local adminis-
tration can be used if, for example, extensive side effects or
toxicity is associated with the aminoglycoside antibiotic
and/or PMF stimulating compounds, and to, for example,
permit a high localized concentration of the PMF stimulat-
ing compound to the infection site. An ex vivo strategy can
also be used for therapeutic applications. Accordingly, any
mode of administration that delivers the aminoglycoside
antibiotics and PMF stimulating compounds systemically or
to a desired surface or target, and can include, but is not
limited to, injection, infusion, instillation, and inhalation
administration. “Injection” includes, without limitation,
intravenous, intramuscular, intraarterial, intrathecal, intra-
ventricular, intracapsular, intraorbital, intracardiac, intrader-
mal, intraperitoneal, transtracheal, subcutaneous, subcuticu-
lar, intraarticular, sub capsular, subarachnoid, intraspinal,
intracerebro spinal, and intrasternal injection and infusion.
The phrases “parenteral administration” and “administered
parenterally” as used herein, refer to modes of administra-
tion other than enteral and topical administration, usually by
injection. The phrases “systemic administration,” “adminis-
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tered systemically”, “peripheral administration” and
“administered peripherally” as used herein refer to the
administration of an aminoglycoside antibiotics and PMF
stimulating compounds other than directly into a target site,
tissue, or organ, such as the lung, such that it enters the
subject’s circulatory system and, thus, is subject to metabo-
lism and other like processes.

The aminoglycoside antibiotic being used to treat an
infection or inhibit biofilm formation in a subject can
determine the mode of administration to be used. For
example, most aminoglycoside antibiotics are not well
absorbed via the intestine and GI tract, and thus oral
administration is ineffective.

Accordingly, in some embodiments of the methods
described herein, when the aminoglycoside antibiotic is
streptomycin, administration is by intramuscular injection or
intravenous administration. In some such embodiments, the
administration is not via oral administration.

In some embodiments of the methods described herein,
when the aminoglycoside antibiotic is gentamicin, admin-
istration is via intravenous administration, intramuscular
administration, or topical administration to treat infections.
In some such embodiments, the administration is not via oral
administration.

In some embodiments of the methods described herein,
when the aminoglycoside antibiotic is Kanamycin A, admin-
istration is via oral, intravenous, and intramuscular admin-
istration.

In some embodiments of the methods described herein,
when the aminoglycoside antibiotic is tobramycin, admin-
istration is via parenteral administration, including, for
example, intramuscular and intravenous injection. Tobramy-
cin can be detected in tissues and body fluids after parenteral
administration.

In some embodiments, when the aminoglycoside antibi-
otic is netilmicin, administration is by injection or infusion.

In some embodiments, when the aminoglycoside antibi-
otic is arbekacin, administration is via parenteral adminis-
tration, such as intramuscular or intravenous administration.
Normal duration of IM or IV arbekacin aminoglycoside
antibiotic therapy is 7-10 days, although a longer duration
can be necessary in some cases.

In some embodiments, when the aminoglycoside antibi-
otic is amikacin, administration is via the intravenous or
intramuscular route. There is currently no oral form avail-
able as amikacin is not absorbed orally. In some embodi-
ments, liposomal amikacin for inhalation can be used for the
treatment of respiratory diseases, such as, for example,
cystic fibrosis, Pseudomonas aeruginosa, non-tubercular
mycobacterial infections, and bronchiectasis. Side effects of
amikacin are similar to other aminoglycosides. Kidney
damage and hearing loss are the most important effects.
Because of this potential, blood levels of the drug and
markers of kidney function (creatinine) can be monitored.
Moreover, doses of amikacin can be adjusted specifically
based upon serum creatinine clearance in clinical settings.

In some embodiments, when the aminoglycoside antibi-
otic is neomycin, topical administration or oral administra-
tion is used. In preferred embodiments, neomycin is not
administered intravenously, as neomycin is extremely neph-
rotoxic. In those embodiments, where neomycin is admin-
istered intravenously, the dose is less than 0.025 mg per
dose.

In some embodiments, when the aminoglycoside antibi-
otic is framycetin, topical administration or oral administra-
tion is used. Framycetin has poor systemic absorption, and
can be used in topical preparations for infections of the skin,
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nose, ears, and eyes, often in combination with other anti-
bacterial drugs and corticosteroids. It can also be used for
gastrointestinal infections, in some embodiments.

In some embodiments, when the aminoglycoside antibi-
otic is paromomycin, administration is via intramuscular
injection or oral administration.

Pharmaceutical Formulations

Therapeutic formulations of aminoglycoside antibiotics
and/or PMF stimulating compounds can be prepared, in
some aspects, by mixing an aminoglycoside antibiotics
and/or PMF stimulating compound having the desired
degree of purity with one or more pharmaceutically accept-
able carriers, excipients or stabilizers (Remington’s Phar-
maceutical Sciences 16th edition, Osol, A. Ed. (1980)), in
the form of lyophilized formulations or aqueous solutions,
either individually in some embodiments, or in combination,
e.g., a therapeutic formulation comprising alone an effective
amount of an aminoglycoside antibiotic and an effective
amount of at least one PMF stimulating compound. Such
therapeutic formulations of the aminoglycoside antibiotics
and/or PMF stimulating compounds described herein
include formulation into pharmaceutical compositions or
pharmaceutical formulations for parenteral administration,
e.g., intravenous; mucosal, e.g., intranasal; enteral, e.g., oral;
topical, e.g., transdermal; ocular, or other mode of admin-
istration.

As used herein, the phrase “pharmaceutically acceptable”
refers to those compounds, materials, compositions, and/or
dosage forms which are, within the scope of sound medical
judgment, suitable for use in contact with the tissues of
human beings and animals without excessive toxicity, irri-
tation, allergic response, or other problem or complication,
commensurate with a reasonable benefit/risk ratio. The
phrase “pharmaceutically acceptable carrier” as used herein
means a pharmaceutically acceptable material, composition
or vehicle, such as a liquid or solid filler, diluent, excipient,
solvent, media, encapsulating material, manufacturing aid
(e.g., lubricant, talc magnesium, calcium or zinc stearate, or
steric acid), or solvent encapsulating material, involved in
maintaining the activity of, carrying, or transporting the
aminoglycoside antibiotics and/or PMF stimulating com-
pounds, from one organ, or portion of the body, to another
organ, or portion of the body.

Some non-limiting examples of acceptable carriers,
excipients, or stabilizers that are nontoxic to recipients at the
dosages and concentrations employed, include pH buffered
solutions such as phosphate, citrate, and other organic acids;
antioxidants, including ascorbic acid and methionine; lubri-
cating agents, such as magnesium stearate, sodium lauryl
sulfate and talc; excipients, such as cocoa butter and sup-
pository waxes; oils, such as peanut oil, cottonseed oil,
safflower oil, sesame oil, olive oil, corn oil and soybean oil;
preservatives (such as octadecyldimethylbenzyl ammonium
chloride; hexamethonium chloride; benzalkonium chloride,
benzethonium chloride; phenol, butyl or benzyl alcohol;
alkyl parabens such as methyl or propyl paraben; catechol;
resorcinol; cyclohexanol; 3-pentanol; and m-cresol); low
molecular weight (less than about 10 residues) polypeptides;
proteins, such as serum albumin, gelatin, HDL, LDL, or
immunoglobulins; hydrophilic polymers, such as polyvi-
nylpyrrolidone; amino acids such as glycine, glutamine,
asparagine, histidine, arginine, or lysine; monosaccharides,
disaccharides, and other carbohydrates including mannose,
starches (corn starch or potato starch), or dextrins; cellulose,
and its derivatives, such as sodium carboxymethyl cellulose,
methylcellulose, ethyl cellulose, microcrystalline cellulose
and cellulose acetate; chelating agents such as EDTA; sugars
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such as sucrose, glucose, lactose, mannitol, trehalose or
sorbitol; salt-forming counter-ions such as sodium; metal
complexes (e.g. Zn-protein complexes); glycols, such as
propylene glycol; polyols, such as glycerin; esters, such as
ethyl oleate and ethyl laurate; agar; buffering agents, such as
magnesium hydroxide and aluminum hydroxide; alginic
acid; pyrogen-free water; isotonic saline; Ringer’s solution;
polyesters, polycarbonates and/or polyanhydrides; C2-C12
alcohols, such as ethanol; powdered tragacanth; malt; and/or
non-ionic surfactants such as TWEEN™, PLURONICS™
or polyethylene glycol (PEG); and/or other non-toxic com-
patible substances employed in pharmaceutical formula-
tions. Wetting agents, coloring agents, release agents, coat-
ing agents, sweetening agents, flavoring agents, perfuming
agents, preservative and antioxidants can also be present in
the formulation.

In some embodiments, therapeutic formulations or com-
positions comprising an aminoglycoside antibiotics and/or
PMF stimulating compound comprises a pharmaceutically
acceptable salt, typically, e.g., sodium chloride, and prefer-
ably at about physiological concentrations. Optionally, the
formulations described herein can contain a pharmaceuti-
cally acceptable preservative. In some embodiments, the
preservative concentration ranges from 0.1 to 2.0%, typi-
cally v/v. Suitable preservatives include those known in the
pharmaceutical arts. Benzyl alcohol, phenol, m-cresol,
methylparaben, and propylparaben are examples of preser-
vatives. Optionally, the formulations of the invention can
include a pharmaceutically acceptable surfactant at a con-
centration of 0.005 to 0.02%.

In some embodiments of the aspects described herein, an
aminoglycoside antibiotic and/or PMF stimulating com-
pound, can be specially formulated for administration of the
compound to a subject in solid, liquid or gel form, including
those adapted for the following: (1) parenteral administra-
tion, for example, by subcutaneous, intramuscular, intrave-
nous or epidural injection as, for example, a sterile solution
or suspension, or sustained-release formulation; (2) topical
application, for example, as a cream, ointment, or a con-
trolled-release patch or spray applied to the skin; (3) oral
administration, for example, drenches (aqueous or non-
aqueous solutions or suspensions), lozenges, dragees, cap-
sules, pills, tablets (e.g., those targeted for buccal, sublin-
gual, and systemic absorption), boluses, powders, granules,
pastes for application to the tongue; (4) intravaginally or
intrarectally, for example, as a pessary, cream or foam; (5)
sublingually; (6) ocularly; (7) transdermally; (8) transmu-
cosally; or (9) nasally. Additionally, an aminoglycoside
antibiotic and/or PMF stimulating compound can be
implanted into a patient or injected using a drug delivery
system. See, for example, Urquhart, et al., Ann. Rev. Phar-
macol. Toxicol. 24: 199-236 (1984); Lewis, ed. “Controlled
Release of Pesticides and Pharmaceuticals” (Plenum Press,
New York, 1981); U.S. Pat. Nos. 3,773,919; and 35 3,270,
960. Examples of dosage forms include, but are not limited
to: tablets; caplets; capsules, such as hard gelatin capsules
and soft elastic gelatin capsules; cachets; troches; lozenges;
dispersions; suppositories; ointments; cataplasms (poul-
tices); pastes; powders; dressings; creams; plasters; solu-
tions; patches; aerosols (e.g., nasal sprays or inhalers); gels;
liquids such as suspensions (e.g., aqueous or non-aqueous
liquid suspensions, oil-in-water emulsions, or water-in-oil
liquid emulsions), solutions, and elixirs; and sterile solids
(e.g., crystalline or amorphous solids) that can be reconsti-
tuted to provide liquid dosage forms.

In some embodiments, parenteral dosage forms of the
compositions comprising an aminoglycoside antibiotic and/
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or PMF stimulating compound, can be administered to a
subject with a chronic infection or at risk for chronic
infection by various routes, including, but not limited to,
subcutaneous, intravenous (including bolus injection), intra-
muscular, and intraarterial. Since administration of paren-
teral dosage forms typically bypasses the patient’s natural
defenses against contaminants, parenteral dosage forms are
preferably sterile or capable of being sterilized prior to
administration to a patient. Examples of parenteral dosage
forms include, but are not limited to, solutions ready for
injection, dry products ready to be dissolved or suspended in
a pharmaceutically acceptable vehicle for injection, suspen-
sions ready for injection, controlled-release parenteral dos-
age forms, and emulsions.

Suitable vehicles that can be used to provide parenteral
dosage forms described herein are well known to those
skilled in the art. It is understood by one of ordinary skill in
the art, that much higher concentrations of the PMF stimu-
lating compounds, such as glucose, must be provided in any
therapeutic formulation, than is normally found when the
compound is present as part of a vehicle in a dosage form.
Examples of such vehicles include, without limitation: ster-
ile water; water for injection USP; saline solution; glucose
solution; aqueous vehicles such as but not limited to, sodium
chloride injection, Ringer’s injection, dextrose Injection,
dextrose and sodium chloride injection, and lactated Ring-
er’s injection; water-miscible vehicles such as, but not
limited to, ethyl alcohol, polyethylene glycol, and propylene
glycol; and non-aqueous vehicles such as, but not limited to,
corn oil, cottonseed oil, peanut oil, sesame oil, ethyl oleate,
isopropyl myristate, and benzyl benzoate.

Topical dosage forms of the aminoglycoside antibiotics
and/or PMF stimulating compounds, are also provided in
some embodiments, and include, but are not limited to,
creams, lotions, ointments, gels, shampoos, sprays, acrosols,
solutions, emulsions, and other forms known to one of skill
in the art. See, e.g., Remington’s Pharmaceutical Sciences,
18th ed., Mack Publishing, Easton, Pa. (1990); and Intro-
duction to Pharmaceutical Dosage Forms, 4th ed., Lea &
Febiger, Philadelphia, Pa. (1985). For non-sprayable topical
dosage forms, viscous to semi-solid or solid forms compris-
ing a carrier or one or more excipients compatible with
topical application and having a dynamic viscosity prefer-
ably greater than water are typically employed. Suitable
formulations include, without limitation, solutions, suspen-
sions, emulsions, creams, ointments, powders, liniments,
salves, and the like, which are, if desired, sterilized or mixed
with auxiliary agents (e.g., preservatives, stabilizers, wetting
agents, buffers, or salts) for influencing various properties,
such as, for example, osmotic pressure. Other suitable
topical dosage forms include sprayable aerosol preparations
wherein the active ingredient, preferably in combination
with a solid or liquid inert carrier, is packaged in a mixture
with a pressurized volatile (e.g., a gaseous propellant, such
as freon), or in a squeeze bottle. Moisturizers or humectants
can also be added to pharmaceutical compositions and
dosage forms if desired. Examples of such additional ingre-
dients are well known in the art. See, e.g., Remington’s
Pharmaceutical Sciences, 18.sup.th Ed., Mack Publishing,
Easton, Pa. (1990). and Introduction to Pharmaceutical
Dosage Forms, 4th Ed., Lea & Febiger, Philadelphia, Pa.
(1985). Dosage forms suitable for treating mucosal tissues
within the oral cavity can be formulated as mouthwashes, as
oral gels, or as buccal patches. Additional transdermal
dosage forms include “reservoir type” or “matrix type”
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patches, which can be applied to the skin and worn for a
specific period of time to permit the penetration of a desired
amount of active ingredient.

Examples of transdermal dosage forms and methods of
administration that can be used to administer an aminogly-
coside antibiotic and/or PMF stimulating compound,
include, but are not limited to, those disclosed in U.S. Pat.
Nos. 4,624,665; 4,655,767, 4,687,481; 4,797,284; 4,810,
499; 4,834,978; 4,877,618; 4,880,633; 4,917,895; 4,927,
687; 4,956,171; 5,035,894; 5,091,186; 5,163,899; 5,232,
702; 5,234,690, 5,273,755; 5,273,756, 5,308,625; 5,356,
632; 5,358,715; 5,372,579, 5,421,816; 5,466,465; 5,494,
680; 5,505,958; 5,554,381; 5,560,922; 5,585,111; 5,656,
285; 5,667,798; 5,698,217; 5,741,511; 5,747,783; 5,770,
219; 5,814,599; 5,817,332; 5,833,647, 5,879,322; and
5,906,830, each of which are incorporated herein by refer-
ence in their entirety.

Suitable excipients (e.g., carriers and diluents) and other
materials that can be used to provide transdermal and
mucosal dosage forms of the aminoglycoside antibiotics
and/or PMF stimulating compounds described herein are
well known to those skilled in the pharmaceutical arts, and
depend on the particular tissue or organ to which a given
pharmaceutical composition or dosage form will be applied.
In addition, depending on the specific tissue to be treated,
additional components may be used prior to, in conjunction
with, or subsequent to treatment with an aminoglycoside
antibiotic and/or PMF stimulating compound. For example,
penetration enhancers can be used to assist in delivering the
active ingredients to or across the tissue.

In some embodiments, the compositions comprising an
aminoglycoside antibiotic and/or PMF stimulating com-
pound, are formulated to be suitable for oral administration,
for example as discrete dosage forms, such as, but not
limited to, tablets (including without limitation scored or
coated tablets), pills, caplets, capsules, chewable tablets,
powder packets, cachets, troches, wafers, acrosol sprays, or
liquids, such as but not limited to, syrups, elixirs, solutions
or suspensions in an aqueous liquid, a non-aqueous liquid,
an oil-in-water emulsion, or a water-in-oil emulsion. Such
compositions contain a predetermined amount of the phar-
maceutically acceptable salt of the disclosed compounds,
and may be prepared by methods of pharmacy well known
to those skilled in the art. See generally, Remington’s
Pharmaceutical Sciences, 18th ed., Mack Publishing, Eas-
ton, Pa. (1990).

Due to their ease of administration, tablets and capsules
represent the most advantageous solid oral dosage unit
forms, in which case solid pharmaceutical excipients are
used. If desired, tablets can be coated by standard aqueous
or nonaqueous techniques. These dosage forms can be
prepared by any of the methods of pharmacy. In general,
pharmaceutical compositions and dosage forms are prepared
by uniformly and intimately admixing the active
ingredient(s) with liquid carriers, finely divided solid carri-
ers, or both, and then shaping the product into the desired
presentation if necessary. In some embodiments, oral dosage
forms are not used for the aminoglycoside antibiotic.

Typical oral dosage forms of the compositions comprising
an aminoglycoside antibiotic and/or PMF stimulating com-
pound are prepared by combining the pharmaceutically
acceptable salt of an aminoglycoside antibiotic and/or PMF
stimulating compound, in an intimate admixture with at least
one excipient according to conventional pharmaceutical
compounding techniques. Excipients can take a wide variety
of forms depending on the form of the composition desired
for administration. For example, excipients suitable for use
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in oral liquid or aerosol dosage forms include, but are not
limited to, water, glycols, oils, alcohols, flavoring agents,
preservatives, and coloring agents. Examples of excipients
suitable for use in solid oral dosage forms (e.g., powders,
tablets, capsules, and caplets) include, but are not limited to,
starches, sugars, microcrystalline cellulose, kaolin, diluents,
granulating agents, lubricants, binders, and disintegrating
agents.

Binders suitable for use in the pharmaceutical formula-
tions described herein include, but are not limited to, corn
starch, potato starch, or other starches, gelatin, natural and
synthetic gums such as acacia, sodium alginate, alginic acid,
other alginates, powdered tragacanth, guar gum, cellulose
and its derivatives (e.g., ethyl cellulose, cellulose acetate,
carboxymethyl cellulose calcium, sodium carboxymethyl
cellulose), polyvinyl pyrrolidone, methyl cellulose, pre-
gelatinized starch, hydroxypropyl methyl cellulose, (e.g.,
Nos. 2208, 2906, 2910), microcrystalline cellulose, and
mixtures thereof.

Examples of fillers suitable for use in the pharmaceutical
formulations described herein include, but are not limited to,
talc, calcium carbonate (e.g., granules or powder), microc-
rystalline cellulose, powdered cellulose, dextrates, kaolin,
mannitol, silicic acid, sorbitol, starch, pre-gelatinized starch,
and mixtures thereof. The binder or filler in pharmaceutical
compositions described herein is typically present in from
about 50 to about 99 weight percent of the pharmaceutical
composition.

Disintegrants are used in the oral pharmaceutical formu-
lations described herein to provide tablets that disintegrate
when exposed to an aqueous environment. A sufficient
amount of disintegrant that is neither too little nor too much
to detrimentally alter the release of the active ingredient(s)
should be used to form solid oral dosage forms of the
aminoglycoside antibiotics and/or PMF stimulating com-
pounds described herein. The amount of disintegrant used
varies based upon the type of formulation, and is readily
discernible to those of ordinary skill in the art. Disintegrants
that can be used to form oral pharmaceutical formulations
include, but are not limited to, agar, alginic acid, calcium
carbonate, microcrystalline cellulose, croscarmellose
sodium, crospovidone, polacrilin potassium, sodium starch
glycolate, potato or tapioca starch, other starches, pre-
gelatinized starch, clays, other algins, other celluloses,
gums, and mixtures thereof.

Lubricants that can be used to form oral pharmaceutical
formulations of the aminoglycoside antibiotics and/or PMF
stimulating compounds described herein, include, but are
not limited to, calcium stearate, magnesium stearate, mineral
oil, light mineral oil, glycerin, sorbitol, mannitol, polyeth-
ylene glycol, other glycols, stearic acid, sodium lauryl
sulfate, talc, hydrogenated vegetable oil (e.g., peanut oil,
cottonseed oil, sunflower oil, sesame oil, olive oil, corn oil,
and soybean oil), zinc stearate, ethyl oleate, ethyl laureate,
agar, and mixtures thereof. Additional lubricants include, for
example, a syloid silica gel (AEROSIL® 200, manufactured
by W. R. Grace Co. of Baltimore, Md.), a coagulated aerosol
of synthetic silica (marketed by Degussa Co. of Piano, Tex.),
CAB-O-SIL® (a pyrogenic silicon dioxide product sold by
Cabot Co. of Boston, Mass.), and mixtures thereof. If used
at all, lubricants are typically used in an amount of less than
about 1 weight percent of the pharmaceutical compositions
or dosage forms into which they are incorporated.

In other embodiments, lactose-free pharmaceutical for-
mulations and dosage forms are provided, wherein such
compositions preferably contain little, if any, lactose or other
mono- or di-saccharides. As used herein, the term “lactose-
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free” means that the amount of lactose present, if any, is
insufficient to substantially increase the degradation rate of
an active ingredient. Lactose-free compositions of the dis-
closure can comprise excipients which are well known in the
art and are listed in the USP (XXI)/NF (XVI), which is
incorporated herein by reference.

The oral formulations of the aminoglycoside antibiotics
and/or PMF stimulating compound, further encompass, in
some embodiments, anhydrous pharmaceutical composi-
tions and dosage forms comprising the aminoglycoside
antibiotics and/or PMF stimulating compounds described
herein as active ingredients, since water can facilitate the
degradation of some compounds. For example, the addition
of water (e.g., 5%) is widely accepted in the pharmaceutical
arts as a means of simulating long-term storage in order to
determine characteristics such as shelf life or the stability of
formulations over time. See, e.g., Jens T. Carstensen, Drug
Stability: Principles & Practice, 379-80 (2nd ed., Marcel
Dekker, NY, N.Y.: 1995). Anhydrous pharmaceutical com-
positions and dosage forms described herein can be prepared
using anhydrous or low moisture containing ingredients and
low moisture or low humidity conditions. Pharmaceutical
compositions and dosage forms that comprise lactose and at
least one active ingredient that comprises a primary or
secondary amine are preferably anhydrous if substantial
contact with moisture and/or humidity during manufactur-
ing, packaging, and/or storage is expected. Anhydrous com-
positions are preferably packaged using materials known to
prevent exposure to water such that they can be included in
suitable formulary kits. Examples of suitable packaging
include, but are not limited to, hermetically sealed foils,
plastics, unit dose containers (e.g., vials) with or without
desiccants, blister packs, and strip packs.

An aminoglycoside antibiotic and/or PMF stimulating
compound can, in some embodiments of the methods
described herein, be administered directly to the airways in
the form of an aerosol or by nebulization. Accordingly, for
use as aerosols, in some embodiments, an aminoglycoside
antibiotic and/or PMF stimulating compound, can be pack-
aged in a pressurized aerosol container together with suit-
able propellants, for example, hydrocarbon propellants like
propane, butane, or isobutane with conventional adjuvants.
In other embodiments, the aminoglycoside antibiotic and/or
PMF stimulating compound can be administered in a non-
pressurized form such as in a nebulizer or atomizer.

The term “nebulization” is well known in the art to
include reducing liquid to a fine spray. Preferably, by such
nebulization small liquid droplets of uniform size are pro-
duced from a larger body of liquid in a controlled manner.
Nebulization can be achieved by any suitable means, includ-
ing by using many nebulizers known and marketed today. As
is well known, any suitable gas can be used to apply pressure
during the nebulization, with preferred gases being those
which are chemically inert to the aminoglycoside antibiotics
and/or PMF stimulating compounds described herein.
Exemplary gases include, but are not limited to, nitrogen,
argon or helium.

In other embodiments, an aminoglycoside antibiotic and/
or PMF stimulating compound can be administered directly
to the airways in the form of a dry powder. For use as a dry
powder, an aminoglycoside antibiotic and/or PMF stimulat-
ing compound can be administered by use of an inhaler.
Exemplary inhalers include metered dose inhalers and dry
powdered inhalers.

Suitable powder compositions include, by way of illus-
tration, powdered preparations of an aminoglycoside anti-
biotic and/or PMF stimulating compound, thoroughly inter-
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mixed with lactose, or other inert powders acceptable for,
e.g., intrabronchial administration. The powder composi-
tions can be administered via an aerosol dispenser or
encased in a breakable capsule which may be inserted by the
subject into a device that punctures the capsule and blows
the powder out in a steady stream suitable for inhalation. The
compositions can include propellants, surfactants, and co-
solvents and may be filled into conventional aerosol con-
tainers that are closed by a suitable metering valve.

Aerosols for the delivery to the respiratory tract are
known in the art. See for example, Adjei, A. and Garren, J.
Pharm. Res., 1: 565-569 (1990); Zanen, P. and Lamm, J.-W.
J. Int. J. Pharm., 114: 111-115 (1995); Gonda, 1. “Aerosols
for delivery of therapeutic an diagnostic agents to the
respiratory tract,” in Critical Reviews in Therapeutic Drug
Carrier Systems, 6:273-313 (1990); Anderson et al., Am.
Rev. Respir. Dis., 140: 1317-1324 (1989)) and have poten-
tial for the systemic delivery of peptides and proteins as well
(Patton and Platz, Advanced Drug Delivery Reviews, 8:179-
196 (1992)); Timsina et. al., Int. J. Pharm., 101: 1-13 (1995);
and Tansey, 1. P., Spray Technol. Market, 4:26-29 (1994);
French, D. L., Edwards, D. A. and Niven, R. W., Aerosol
Sci., 27: 769-783 (1996); Visser, J., Powder Technology 58:
1-10 (1989)); Rudt, S. and R. H. Muller, J. Controlled
Release, 22: 263-272 (1992); Tabata, Y, and Y. Ikada,
Biomed. Mater. Res., 22: 837-858 (1988); Wall, D. A., Drug
Delivery, 2: 10 1-20 1995); Patton, J. and Platz, R., Adv.
Drug Del. Rev., 8: 179-196 (1992); Bryon, P, Adv. Drug.
Del. Rev., 5: 107-132 (1990); Patton, J. S., et al., Controlled
Release, 28: 15 79-85 (1994); Damms, B. and Bains, W.,
Nature Biotechnology (1996); Niven, R. W., et al., Pharm.
Res., 12(9); 1343-1349 (1995); and Kobayashi, S., et al.,
Pharm. Res., 13(1): 80-83 (1996), contents of all of which
are herein incorporated by reference in their entirety.

In some embodiments, the active ingredients of the for-
mulations comprising aminoglycoside antibiotics and/or
PMF stimulating compounds described herein, can also be
entrapped in microcapsules prepared, for example, by
coacervation techniques or by interfacial polymerization, for
example, hydroxymethylcellulose or gelatin-microcapsules
and poly-(methylmethacylate) microcapsules, respectively,
in colloidal drug delivery systems (for example, liposomes,
albumin microspheres, microemulsions, nano-particles and
nanocapsules) or in macroemulsions. Such techniques are
disclosed in Remington’s Pharmaceutical Sciences 16th
edition, Osol, A. Ed. (1980).

In some embodiments of these aspects, the aminoglyco-
side antibiotics and/or PMF stimulating compounds can be
administered to a subject by controlled- or delayed-release
means. Ideally, the use of an optimally designed controlled-
release preparation in medical treatment is characterized by
a minimum of drug substance being employed to cure or
control the condition in a minimum amount of time. Advan-
tages of controlled-release formulations include: 1)
extended activity of the drug; 2) reduced dosage frequency;
3) increased patient compliance; 4) usage of less total drug;
5) reduction in local or systemic side effects; 6) minimiza-
tion of drug accumulation; 7) reduction in blood level
fluctuations; 8) improvement in efficacy of treatment; 9)
reduction of potentiation or loss of drug activity; and 10)
improvement in speed of control of diseases or conditions
(Kim, Cherng-ju, Controlled Release Dosage Form Design,
2 (Technomic Publishing, Lancaster, Pa.: 2000)). Con-
trolled-release formulations can be used to control, for
example, an aminoglycoside antibiotic’s onset of action,
duration of action, plasma levels within the therapeutic
window, and peak blood levels. In particular, controlled- or
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extended-release dosage forms or formulations can be used
to ensure that the maximum effectiveness of the aminogly-
coside antibiotic and/or PMF stimulating compound, is
achieved while minimizing potential adverse effects and
safety concerns, which can occur both from under-dosing a
drug (i.e., going below the minimum therapeutic levels) as
well as exceeding the toxicity level for the drug.

A variety of known controlled- or extended-release dos-
age forms, formulations, and devices can be adapted for use
with the aminoglycoside antibiotics and/or PMF stimulating
compound described herein. Examples include, but are not
limited to, those described in U.S. Pat. Nos. 3,845,770,
3,916,899; 3,536,809; 3,598,123; 4,008,719; 5674,533;
5,059,595, 5,591,767, 5,120,548; 5,073,543; 5,639,476;
5,354,556, 5,733,566; and 6,365,185 B1; each of which is
incorporated in its entirety herein by reference. These dos-
age forms can be used to provide slow or controlled-release
of one or more active ingredients using, for example,
hydroxypropylmethyl cellulose, other polymer matrices,
gels, permeable membranes, osmotic systems (such as
OROS® (Alza Corporation, Mountain View, Calif. USA)),
multilayer coatings, microparticles, liposomes, or micro-
spheres or a combination thereof to provide the desired
release profile in varying proportions. Additionally, ion
exchange materials can be used to prepare immobilized,
adsorbed salt forms of the disclosed compounds and thus
effect controlled delivery of the drug. Examples of specific
anion exchangers include, but are not limited to, DuoLITE®
A568 and DUOLITE® AP143 (Rohmé&Haas, Spring House,
Pa. USA).

In some embodiments of the aspects, the aminoglycoside
antibiotics and/or PMF stimulating compounds for use in the
various therapeutic formulations and compositions, and
methods thereof, described herein, are administered to a
subject by sustained release or in pulses. Pulse therapy is not
a form of discontinuous administration of the same amount
of'a composition over time, but comprises administration of
the same dose of the composition at a reduced frequency or
administration of reduced doses. Sustained release or pulse
administrations are particularly preferred in chronic condi-
tions, as each pulse dose can be reduced and the total amount
of a compound, such as, for example, an aminoglycoside
antibiotic administered over the course of treatment to the
patient is minimized.

The interval between pulses, when necessary, can be
determined by one of ordinary skill in the art. Often, the
interval between pulses can be calculated by administering
another dose of the composition when the composition or
the active component of the composition is no longer
detectable in the subject prior to delivery of the next pulse.
Intervals can also be calculated from the in vivo half-life of
the composition. Intervals may be calculated as greater than
the in vivo half-life, or 2, 3, 4, 5 and even 10 times greater
the composition half-life. Various methods and apparatus for
pulsing compositions by infusion or other forms of delivery
to the patient are disclosed in U.S. Pat. Nos. 4,747,825;
4,723,958, 4,948,592; 4,965,251 and 5,403,590.

In some embodiments, sustained-release preparations
comprising the aminoglycoside antibiotics and/or PMF
stimulating compounds can be prepared. Suitable examples
of sustained-release preparations include semipermeable
matrices of solid hydrophobic polymers containing the
inhibitor, in which matrices are in the form of shaped
articles, e.g., films, or microcapsule. Examples of sustained-
release matrices include polyesters, hydrogels (for example,
poly(2-hydroxyethyl-methacrylate), or poly(vinylalcohol)),
polylactides (U.S. Pat. No. 3,773,919), copolymers of L-glu-
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tamic acid and y ethyl-L-glutamate, non-degradable ethyl-
ene-vinyl acetate, degradable lactic acid-glycolic acid copo-
lymers such as the LUPRON DEPOT (injectable
microspheres composed of lactic acid-glycolic acid copoly-
mer and leuprolide acetate), and poly-D-(-)-3-hydroxybu-
tyric acid.

The formulations comprising the aminoglycoside antibi-
otics and/or PMF stimulating compounds described herein,
to be used for in vivo administration are preferably sterile.
This is readily accomplished by filtration through, for
example, sterile filtration membranes, and other methods
known to one of skill in the art.

The following exemplary methods were used to demon-
strate proton-motive force inducing metabolites potentiated
aminoglycosides against bacterial persisters, and can be
used, for example to identify addition PMF stimulating
compounds and adjuvants for use in the methods and
compositions described herein.

EXAMPLES

Antibiotic resistance is becoming a major medical chal-
lenge. Data gathered from the European Antimicrobial
Resistance Surveillance Network (EARS-Net) from 2005 to
2010 shows an unimpeded decline of antimicrobial suscep-
tibility of major pathogens throughout Europe. Aminopeni-
cillin resistance observed in Enterobacteriaceae, methicillin
resistance in S. aureus, and the emergence of glycopeptide
resistance in enterococci are some of the major concerns.
The situation is even more serious considering medicinal
chemistry’s slow pace to produce novel antimicrobial sub-
stances. As an exemplary consequence, carbapenems remain
the last class of antimicrobials when dealing with expanded
spectrum beta-lactamases or ESBL-carrying microbes. The
emergence of resistances to carbapenems paves the way to
the “post-antibiotics era”. Classically described mechanisms
for resistance include DNA mutation altering targets of
antibiotics (quinolones and rifampicin) and horizontal gene
transfer (e.g. beta-lactamases).

However, an increasingly recognized mechanism initially
identified by Bigger is “persistence” (also termed “toler-
ance”). Persistence is defined as cells within a bacterial
population of shared genetic background entering a reduced
metabolic state or dormant state, that display reduced sus-
ceptibility to antibiotics. These cells are called persisters.
This phenotype is neither fixed nor inherited and persisters
can spontaneously return to normal or active state. In the
presence of antibiotic pressure, persisters are advantaged
and survive longer; through repeated antibiotic stress, they
may ultimately give rise, through mutagenesis or horizontal
gene transfer, to resistant cells. Persisters have also been
implicated in biofilm formation (foreign body infection) and
chronic infections. To date, however, there is no antimicro-
bial strategy against them.

Cystic fibrosis (CF) is a relevant clinical example for
persistence. It is the most common lethal genetic disease
among Caucasians, with a frequency of 1 in 2000 to 3000
live births. It is an autosomal recessive condition due to
mutations in the cystic fibrosis trans-membrane conductance
regulator (CFTR) gene, acting amongst other as a chloride
channel. Altered transport of chloride and other CFTR-
affected ions (sodium and bicarbonate predominantly), leads
to viscous secretions in the lungs, pancreas, liver, intestine,
and reproductive tract altering their function, and to
increased salt content in sweat gland secretions. Impeded
clearance of viscous secretions in the lungs make patients
prone to chronic infection.
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Currently, the main burden of a CF-patient is respiratory
complications accounting for over 80% of cases of CF-
related deaths. The pulmonary morbidity of a CF patient is
largely dependent on pulmonary infectious bouts. Coloni-
zation by P. aeruginosa of the altered pulmonary tract, an
ideal environment for the bacterium, correlates with an
acceleration of decline of pulmonary function and represents
a principal cause of mortality. Persistence in P. aeruginosa
is well documented and is thought to play an important role
in chronic infection in CF patients. Initially, Pseudomonas
grows in the airways as a non-mucoid strain which can be
eradicated, however, with chronic infection, pseudomonas
cells progressively adopt a persistence metabolism forming
mucoid colonies and small colony variants (SCVs) becom-
ing very difficult to eradicate. P. aeruginosa SCV in CF-
patients correlates with development of antibiotic resistance.
Accumulation of mutations in resistance-associated genes
eventually lead to strains for which there is virtually no
therapeutic choice left. Furthermore, there is a pronounced
survival benefit for patients remaining free of P. aeruginosa,
making its eradication a highly relevant therapeutic goal.

Described herein, and, in part, PCT/US12/36492, the
contents of which are incorporated by reference in their
entireties, are methods for identifying intermediate metabo-
lism products that potentiate antibiotics in bacterial infec-
tions.

Amongst tested metabolites, TCA components outside of
the glyoxylate shunt proved most effective. The beta oxida-
tion derivative Propionate recapitulated this to some effect
as it can enter the TCA cycle at the succiniyCoA level.
Finally, glucose, gluconate and pyruvate, as members of the
Entner-Doudoroff pathway showed variable levels of effi-
ciency. Members of the Embden-Meyerhot pathway (Man-
nitol and Fructose) were not efficient, which is consistent
with the absence in pseudomonas of 6-Phosphofructokinase.
Methods

Persister Cell Eradication

Cells from frozen stock were plated overnight at 37° C.,
following which a single colony forming unit (CFU) was
grown in Luria-Bertani (LB) broth at 300 r.p.m. and 80%
humidity to an optical density at 600 nm (OD600) of 0.3.
Cells were then diluted 1:1,000 in 25 ml LB and grown for
16 hat37° C., 300 r.p.m. and 80% humidity in 250 ml flasks.
Ciprofloxacin was added at a concentration of 5 mg/1 to the
above-mentioned cultures for 4 h. Cells were then washed
and spun at 5000 rpm for 15 mins, Samples were then
washed with 20 ml of 1x filtered PBS and again spun at 5000
rpm for 15 mins and re-suspended in M9 minimal media.
Carbon sources and antibiotics (tobramycin 40 mg/1) were
added and samples were incubated at 37° C., 300 r.p.m. and
80% humidity

At specified time points, 10-pl aliquots of cells were
removed, serially diluted and spot-plated onto LB agar
plates to determine colony-forming units per ml (c.fu.
ml-1), The concentration of carbon sources were normal-
ized to deliver 60 mM carbon (for example 10 mM glucose,
15 mM fumarate, 20 mM pyruvate etc.). Survivors were
enumerated by plating 10 ul aliquots with serial dilutions
taken from 1 ml spun down and PBS washed (remaining
AB). Only dilutions that yielded 4-40 colonies were
counted. Survival was determined by dividing the c.fu.
ml-1 of a sample at each timepoint by the initial ¢.f.u. ml-1
for that sample. Results show a 1000-10000 fold enhanced
killing (FIGS. 1A-1B).

Stationary Phase Cells Eradication.

Cells from frozen stock were plated overnight at 37° C.,

following which a single colony forming unit (CFU) was
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grown in Luria-Bertani (LB) broth at 300 r.p.m. and 80%
humidity to an optical density at 600 nm (OD600) of 0.3.
Cells were then diluted 1:1,000 in 25 ml LB and grown for
16 hat37° C., 300 r.p.m. and 80% humidity in 250 m1 flasks.
Cells were then washed (Spin 5000 rpm (Thermofisher
centrifuge) for 15 mins. Samples were then washed with 20
ml of 1x filtered PBS (again spin 5000 rpm for 15 mins) and
re-suspended in M9 minimal media. Carbon sources and
antibiotics (tobramycin 40 mg/l) were added and samples
were incubated at 37° C., 300 r.p.m. and 80% humidity

At specified time points, 10-ul aliquots of cells were
removed and washed with PBS, serially diluted and spot-
plated onto LB agar plates to determine colony-forming
units per ml (c.fu. ml-1). The concentration of carbon
sources were normalized to deliver 60 mM carbon (for
example 10 mM glucose, 15 mM fumarate, 20 mM pyruvate
etc.). Survivors were enumerated by plating 10 ul aliquots
with serial dilutions taken from 1 ml spun down and PBS
washed (remaining AB). Only dilutions that yielded 4-40
colonies were counted. Survival was determined by dividing
the c.f.u. ml-1 of a sample at each time point by the initial
cfu. ml-1 for that sample. Results show a 10000-100000
fold increased killing (FIGS. 2A-2B).

Antibiotics and Chemicals

The following concentrations of antibiotics were used in
this study: 10 ug ml~ gentamicin, 30 pg ml~* kanamycin, 50
pg ml™* streptomycin, 5 ug ml™ ofloxacin, 100 pg ml™*
ampicillin, 40 ug ml™" tetracycline, 50 pg ml~ chloram-
phenicol and 100 ug ml™! spectinomycin, 20 uM carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) was used in
experiments to suppress proton-motive force. 1 mM potas-
sium cyanide was used to inhibit aerobic respiration. A stock
solution of CCCP was made in dimethylsulphoxide at 500
uM and stored at 4° C. All antibiotics and chemicals were
purchased from Sigma and Fisher.

Strains

The parent strains used in this study were E. coli (K12
EMG2) and S. aureus (ATCC 25923). All E. coli knockouts
(see Table 2) were transduced into the EMG2 strain from
strains in the KEIO knockout collection using the PI phage
method. All strains were cured using pCP20 and standard
laboratory procedures before their use in assays.

Persister Assays

For E. coli persister assays, samples were grown to
stationary phase as described above. Cultures were then
treated for 4 h with 5 ug mI™" ofloxacin in the above-stated
growth conditions. Previous work has demonstrated that
treatment for 3 h under these conditions eliminates all
susceptible non-persister cells®’.

Gentamicin-Texas Red Uptake

Gentamicin-Texas red was made as previously
described®’. At 4° C., 1 mg, of Texas red (invitrogen) was
dissolved in 50 pl of high-quality anhydrous N,N-dimeth-
ylformamide. The dissolved Texas red was added slowly to
2.3 ml of 10 mg ml~" gentamicin solution in 100 mM K,CO,
at 4° C.

Uptake of gentamicin-Texas red induced by carbon
sources in stationary-phase cells was determined by adding
concentrated carbon sources (see section on media and
growth conditions for concentrations) to stationary-phase
cultures and incubating them for 30 min at 37° C., 300 r.p.m.
and 80% humidity. Concentrated gentamicin-Texas red was
then added to a final concentration of 10 pug ml~' and
samples were incubated for 5 min. 100 pl of each sample
was then washed with 1 ml of PBS and re-suspended in 1 ml
of PBS. 200 pl of the re-suspended sample was then added
to 800 ul of PBS in flow tubes. Samples were analyzed on
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a BD FACS Aria II flow cytometer with the following
settings: mCherry voltage, 650 V; FSC threshold, 1,000,
recorded events, 100,000; gated-out mCherry events, <30.
Membrane Potential Measurements

The BACLIGHT BACTERIAL MEMBRANE POTEN-
TIAL KIT (B34950, INVITROGEN) can be used to assess
changes in proton-motive force induced by metabolites.
Membrane potential induced by carbon sources in station-
ary-phase cells can be determined by adding concentrated
carbon sources (see section on media and growth conditions
for concentrations) and 10 pl DiOC2(3) (membrane stain) to
stationary-phase cultures, followed by incubation for 30 min
at 37° C., 300 r.p.m. and 80% humidity. 10 ul of culture is
added to 1 ml of PBS in flow tubes immediately before
analyzing. Samples can be analyzed on a BD FACS ARIA
II flow cytometer with settings optimized according to the
BacLight kit manual. Settings that can be used are: FITC
voltage, 250 V; mCherry voltage, 650 V; FSC threshold,
1,000, recorded events, 100,000. FSC and SSC outliers were
gated out by visual inspection before data acquisition. The
red/green (mCherry/FITC) values for each cell were deter-
mined and normalized, then compared to samples without
metabolite to determine the relative change in PMF.
Anaerobic Experiments

Escherichia coli were grown to an ODg,y, of 0.3, then
diluted 1:1,000 in 25 ml anaerobic LB with 10 mM NaNO,
and grown for 16 h at 37° C., 200 r.p.m., 1.5-2.0% hydrogen
and <50 p.p.m. oxygen in 250 ml flasks. Cultures were then
treated with a carbon source and metabolite in the presence
or absence of an additional 10 mM NaNO;. The additional
NaNO; was added to determine whether increasing the
concentration of the terminal electron acceptor could
increase aminoglycoside potentiation.
Biofilm Assay

Overnight cultures grown in LB were diluted 1:200 into
pre-warmed LB which was then added to MBEC plates
(Innovotech) at 150 ul per well. Plates were incubated at 35°
C., 150 r.p.m. for 24 h, then pegs were washed in a microtiter
plate with 200 pl of 1xPBS per well. Pegs were then added
to a microtiter plate containing 200 pul M9 minimal salts (for
E. coli) or sterile-filtered, stationary-phase media (for S.
aureus), plus a carbon source and antibiotic. Plates were
incubated at 35° C., 150 r.p.m, for 4 h, then pegs were
washed twice in microtiter plates with 200 ul of 1xPBS per
well. To dislodge biotin cells, pegs were placed in a micro-
titer plate with 145 pl of 1xPBS per well and sonicated in a
water bath for 30 min at 40 kHz. Serial dilutions and
spot-plating were performed to determine viable c.fu. per
peg. For determination of the dependence of E. coli elimi-
nation on pH, we carried out the above procedure in M9 salts
buffered to an appropriate pH with citric acid, as opposed to
KH,PO,, which is typically used for M9.
Mouse Chronic Urinary Tract Infection Assay

Female Charles River BALB/c mice (weighing 22-26 g)
received surgical implantation in the urinary tract of 6 mm
PESO catheter tubing that had been incubated in cultures of
uropathogenic E. coli for 24 h to form biofilms. 48 h after
surgery, mice received either no treatment or twice-daily,
intravenous treatment with gentamicin (1 mg kg™") or man-
nitol (1.5 g kg™') plus gentamicin (1 mg kg™") for 3 days.
Seven or eight mice were included in each group, 24 h after
the last treatment, catheter tubing was extracted to determine
biofilm viability and kidneys were removed to determine
bacterial load. Mouse materials were provided by Vivi-
Source Laboratories, a facility approved by the US Depart-
ment of Agriculture and by the Office of Laboratory Animal
Welfare, where all in vivo experimental work was per-
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formed. The study conformed to ViviSource institutional
animal care and use policies and procedural guidelines.
Staphylococcus aureus Microarray Analysis

Raw microarray data. (.CEL files) for two exponential
(GSM524189, GSM524193) and two stationary phase
(GSM1524362, GSMS524363) S. aureus cultures were
downloaded from the Gene Expression Omnibus (GEO)
series GSE20973 (Majerczyk, C. D. et al. Direct targets of
CodY in Staphylococcus aureus. J. Bacteriol. 192, 2861-
2877 (2010); Majerczyk, C. D. et al. Direct targets of CodY
in Staphylococcus aureus. J. Bacteriol. 192, 2861-2877
(2010)). The data were processed with RMA express using
background adjustment, quantile normalization and median
polish summarization to compute RMA expression values®’.
Mean expression values were calculated for both exponen-
tial and stationary-phase data and the relative fold changes
(stationary/exponential) are reported in Table 3.

48
Software
MATLAB (Mathworks) was used for processing flow
cytometric data, analysing microarray data and generating
sealed heat maps using the images function. Microsoft Excel
was used to plot survival assays.

TABLE 1

Enzymes inactivated to determine source of NADH generation.

10 Reducing
Enzyme Gene(s) Equivalents
Glucose 6-phosphate-1 dehydrogenase zwf NADPH*
6-phosphofructokinase pfkA pfkB NADH
Citrate/methylcitrate synthase ghA prpC NADH

15 Pyruvate dehydrogenase aceE NADH

*NADPH can be converted to NADH by pyridine nucleotide transhydrogenase (sthA)

TABLE 2

Check primers for genetic knock-out strains.

Gene Forward Primer Reverse Primer

mt 1D CTCCTCACGGAGAGGGTTT TCAAGCACACGGTTTTCAAA
(SEQ ID NO: 1) (SEQ ID NO: 2)

zwf CGTAATCGCACGGGTGGATAA TTATGACTGAAACGCCTGTAACCG
(SEQ ID NO: 3) (SEQ ID NO: 4)

pfka CCAGGGAGGGTAAACGGTCTATG GGTTTCAGGGTAAAGGAATCTGCC
(SEQ ID NO: 5) (SEQ ID NO: 6)

pfkB ATTTCTTCACTTTCCGCTGATTCG ATTTCCCTCATCATCCGTCATAGTG
(SEQ ID NO: 7) (SEQ ID NO: 8)

poxB TGGTCGGGTAACGGTATCAC ACCGTTAGTGCCTCCTTTCTCT
(SEQ ID NO: 9) (SEQ ID NO: 10)

gltA TAAAGCCAGGTTGATGTGCGAA AAGTATTGGGTTGCTGATAATTTGAGC
(SEQ ID NO: 11) (SEQ ID NO: 12)

prpc GACCCTACAAATGATAACAATGACGAGG GACGATATCAACGATTTCACGATCAAA
(SEQ ID NO: 13) (SEQ ID NO: 14)

acek GTGAGCGTTCTCTGCGTCGTCT TCTCTTTCACGGTGCCAGCAA
(SEQ ID NO: 15) (SEQ ID NO: 16)

CyoA TTCCCGTAAAATGCCCACAC TAATGCCAGCGATCGTAACC
(SEQ ID NO: 17) (SEQ ID NO: 18)

cydB GCCCAAGCAGCCTGAAAA CGGTGATTACCCCAAACGAA
(SEQ ID NO: 19) (SEQ ID NO: 20)

appB TGCAGAAATATGCCCGTCTG AGGGTGGAGAGCGAACACAT
(SEQ ID NO: 21) (SEQ ID NO: 22)

ndh GCGAAGAACATTTTCATTGCTGTA GATCGCGCTGTTCCTCAAG
(SEQ ID NO: 23) (SEQ ID NO: 24)

nuol TGTCCTTCGGCTGGAAAATC CTCGCAAGGTCGCAAGTATG
(SEQ ID NO: 25) (SEQ ID NO: 26)

kanR GGTCCGCCACACCCAGCC

(SEQ ID NO: 27)
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TABLE 3
Stationary phase fold regulation of metabolite transporters.
Exponential Exponential Stationary Stationary Fold change
UniProt Replicate Replicate  Replicate  Replicate  (stationary/
Gene Name  Accession # 1 2 1 2 exponential) Description
crr QS5SHFZ9, 100.18 107.50 120.26 131.12 1.21 Glucose-specific
P60856, phosphotransferase
P608S7 enzyme ITA
component
ptsG QSHII3, 233.59 218.12 72.59 60.48 0.29 PTS system
Q7A807, glucose-specific
Q99X32 EIICBA component
mtlA QS5SHEA48, 5.59 4.61 3.21 3.28 0.64 PTS system
Q7A4B3, mannitol-specific
Q99S5A3 EIICB component
mtlF QS5SHEA46, 23.64 16.75 14.62 23.53 0.94 Mannitol-specific
POAOD7, phosphotransferase
POAODS enzyme II
component
SACOL2663 QSHCQ6, 8.93 8.18 206.91 150.47 20.88 PTS system,
Q7A374, fructose-specific
Q99QZ7 IIABC components

Summary of Results

Aminoglycosides are the mainstay of CF chronic sup-
pression and part of the treatment of acute pulmonary
exacerbations. However, they require active transport for
their entry into the cell and therefore have a weak activity
against dormant cells like planktonic Pseudomonas cells or
persisters. It was, however, recently shown in E. coli that
aminoglycoside could be potentiated by a metabolic stimu-
lation.

We tested whether metabolic stimulation might potentiate
aminoglycosides against Pseudomonas persisters. We
screened for metabolites of the Entner-Doudonaff, the Pen-
tose pathways as well as components of the tricarboxylic
acid (TCA) cycle and a linker between [-oxidation and the
TCA that could restore aminoglycoside killing of persister
cells. Persisters were isolated from deep stationary phase
cells through ciprofloxacin selection and re-suspended in
minimal medium containing the specific carbon source. The
concentration of the carbon source was normalized to
deliver 60 mM of carbon As fumarate contains 4 carbons, it
was administered at 15 mM).

Tobramycin was potentiated by specific carbon sources
from the Entner-Doudoroff pathway and the TCA cycle
(FIG. 1) but not from the pentose pathways. Consistent with
the fact that Pseudomonas has no 6-phosphofructokinase,
molecules from the Embden-Meyerhof pathway had no
effect. The most potent metabolites were succinate and
fumarate, which lie at a position in the TCA outside of the
glyoxylate shunt. Without wishing to be bound by theory,
these data indicate that the glyoxylate shunt in P. aeruginosa
plays a role in shunting carbon sources out of the TCA to
diminish metabolic rate and would be consistent with obser-
vations in Mycobacterium tuberculosis that isocitrate lyase
is critical for persistence in vivo. We also documented the
kinetics of this potentiation and tested whether other bacte-
ricidal classes of antibiotics (beta-lactams and quinolones)

were potentiated but found only a marginal potentiation
(FIG. 1).
As mentioned above, planktonic stationary phase

Pseudomonas cells are only weakly sensitive to aminogly-
cosicles. We tested whether our best performing carbon
source (i.e., fumarate) could potentiate tobramycin in per-
sisters and found that (1) incremental doses of fumarate lead
to increased killing, of cells for a given dose of Tobramycin
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65

(FIG. 2B) and that (2) for a given fumarate incremental
doses of tobramycin also lead to increased killing (FIG. 2A).
Amongst tested metabolites, TCA components outside of
the glyoxylate shunt proved most effective. The beta oxida-
tion derivative Propionate recapitulated this to some effect
as it can enter the TCA, cycle at the succiniyCoA level.
Finally, Glucose, gluconate and pyruvate, as members of the
Entner-Doudoroff pathway showed variable levels of effi-
ciency. Of note, members of the Embden-Meyerhof pathway
(Mannitol and Fructose) were not efficient, this is consistent
with the absence in Pseudomonas of 6-Phosphofructokinase.

Metabolite-based potentiation of aminoglycosides in P.
aeruginosa stationary phase cells was demonstrated. FIG.
3 A shows that selection of compounds from the intermedi-
ary metabolism was selected to assess potentiation of
tobramycin (TBR), including glycolysis, the pentose path-
way, the tricarboxylic acide cycle, comprising the glyoxylate
shunt and the compounds outside of it, as well as a link to
beta-oxidation. FIG. 3B shows survival in CFU per ml for
untreated cells (no AB) and cells treated with tobramycin
(TBR) at a concentration of 40 [mg/1], without carbon source
(CTRL), or ribose (RIB), arabinose (ARA), fructose (FRU),
mannitol (MAN), glucose (GLC), gluconate (GLN), pyru-
vate (PRV), acetate (ACE), oxaloacetate (OXA), Citrate
(CIT), glyoxylate (GLX), alpha-ketoglutarate (aK(@), succi-
nate (SUC), fumarate (FUM), and propionate (PRP).
mpentse at in stationary phase, concentration of carbon
sources were matched to have 60 mM of carbon. FIG. 3C
shows effects of fumarate (FMR) and glyoxylate (GLX)
were compared to no carbon sources with a higher dose of
tobramycin (320 [mg/l]). FIG. 3D shows kinetics of
tobramycin potentiation by fumarate (FMR) compared to
tobramycin alone, fumarate alone or no treatment. FIG. 3E
shows dose-response curves of persister cells with either no
antibiotic or with fixed doses of tobramycin (ITBR) at a
concentration of [40 mg/1] are ploted for incremental doses
of fumarate (FMR) as compared to fumarate alone. FIG. 3F
shows dose-dependent response to tobramycin in the pres-
ence or absence of Fumarate.

Metabolite-based potentiation of aminoglycosides in P.
aeruginosa persisters was demonstrated. FIG. 4A shows
persister establishment by ciprofloxacin selection; condi-
tions included no treatment (black line, O), 5 mg/l (¥), 10
mg/1 (A), 20 mg/1 (M), 40 mg/! (@) of ciprofloxacin. FIG. 4B
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shows a panel of metabolites was also tested for potentiation
of tobramycin (TBR) at a concentration of [40 mg/1], with-
out carbon source (CTRL), or ribose (RIB), arabinose
(ARA), fructose (FRU), mannitol (MAN), glucose (GLC),
gluconate (GLN), pyruvate (PRV), acetate (ACE), oxaloac-
etate (OXA), Citrate (CIT), glyoxylate (GLX), alpha-keto-
glutarate (aKG), succinate (SUC), fumarate (FUM), and
propionate (PRP). The concentrations of carbon sources
were matched to have 60 mM of carbon. FIG. 4C shows
kinetics of tobramycin potentiation by fumarate (FMR)
compared to tobramycin. FIG. 4D shows dose-response
curves of persister cells with either no antibiotic or with
fixed doses of tobramycin (TBR) at a concentration of [40
mg/1] are ploted for incremental doses of fumarate (FMR) as
compared to fumarate alone. FIG. 4E shows dose-dependent
response to tobramycin in the presence or absence of
fumarate.

Potentiation was also demonstrated in clinically relevant
contexts. FIGS. 5A-5B show kill curves for stationary phase
cells of CF-patient derived non-mucoid strains treated with
incremental doses of tobramycin and no carbon sources
(CTRL), fumarate (FMR) or pyruvate (PRV). FIG. 5C
shows same kill curves with a CF-patient derived non-
mucoid strain. FIG. 5D shows same kill curves with a
CF-patient derived strain with high antibiotic resistance
profile. FIG. 5E shows antibiotic killing of biofilms with
tobramycin (TBR) with no additional carbon source (CTRL)
or fumarate (FMR).

Potentiating carbon sources trigger increase in tobramy-
cin uptake through PMF build-up was also shown. FIG. 6A
shows flow cytometry-based measurement of fluorescence-
labeled tobramycin in PAOL1 cells treated respectively with
fumarate (FMR), pyruvate (PRV), glyoxylate (GLX) or
without treatment (CTRL). FIG. 6B shows measurement of
oxygen consumption rate (OCR) of PAOI1 cells treated
respectively with fumarate (FMR), pyruvate (PRV), glyoxy-
late (GLX) or without treatment (CTRL). FIG. 6C shows
flow cytometry assessment of tobramycin uptake in the
absence or presence of a PMF inhibitor (NaN3). FIG. 6D
shows assessment by survival assay of the impact of various
PMF inhibitors on tobramycin lethality in stationary phase
treated with carbon sources.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 27

<210> SEQ ID NO 1

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
primer

<400> SEQUENCE: 1

ctcectcacgg agagggttt 19

<210> SEQ ID NO 2

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
primer

<400> SEQUENCE: 2

tcaagcacac ggttttcaaa 20

<210> SEQ ID NO 3

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
primer

<400> SEQUENCE: 3

cgtaatcgca cgggtggata a 21

<210> SEQ ID NO 4

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
primer

<400> SEQUENCE: 4

ttatgactga aacgcctgta accg 24
<210> SEQ ID NO 5

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
primer

<400> SEQUENCE: 5

ccagggaggyg taaacggtet atg 23

<210> SEQ ID NO 6
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58

-continued
<211> LENGTH: 24
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 6

ggtttcaggg taaaggaatc tgce

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 7

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 7

atttcttcac tttecegetga tteg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 8

LENGTH: 25

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 8

atttccctca tcatcegtea tagtg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 9

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 9

tggtcgggta acggtatcac

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 10

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 10

accgttagtyg ccteetttet ct

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 11

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer

<400> SEQUENCE: 11

taaagccagg ttgatgtgeg aa

<210> SEQ ID NO 12
<211> LENGTH: 27

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

24

Synthetic

24

Synthetic

25

Synthetic

20

Synthetic

22

Synthetic

22
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60

-continued
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 12

aagtattggyg ttgctgataa tttgage

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 13

LENGTH: 28

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 13

gaccctacaa atgataacaa tgacgagg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 14

LENGTH: 27

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer

<400> SEQUENCE: 14

gacgatatca acgatttcac gatcaaa

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 15

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 15

gtgagcegtte tctgegtegt ct

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 16

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 16

tctettteac ggtgecagea a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 17

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 17
ttccegtaaa atgeccacac
<210> SEQ ID NO 18

<211> LENGTH: 20
<212> TYPE: DNA

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

27

Synthetic

28

Synthetic

27

Synthetic

22

Synthetic

21

Synthetic

20
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62

-continued
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence:
primer
<400> SEQUENCE: 18

taatgccage gatcgtaacc

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 19

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 19

geccaageag cctgaaaa

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 20

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 20

cggtgattac cccaaacgaa

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 21

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer

<400> SEQUENCE: 21

tgcagaaata tgccegtetg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 22

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer

<400> SEQUENCE: 22

agggtggaga gcgaacacat

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 23

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 23
gcgaagaaca ttttcattge tgta
<210> SEQ ID NO 24
<211> LENGTH: 19

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

20

Synthetic

18

Synthetic

20

Synthetic

20

Synthetic

20

Synthetic

24
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-continued

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

primer
<400> SEQUENCE: 24

gatcgegetyg ttectcaag

<210> SEQ ID NO 25

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

19

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

primer
<400> SEQUENCE: 25

tgtccttegyg ctggaaaatc

<210> SEQ ID NO 26

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

20

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

primer
<400> SEQUENCE: 26

ctcgcaaggt cgcaagtatg

<210> SEQ ID NO 27

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

20

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

primer
<400> SEQUENCE: 27

ggtcegecac acccagece

18

We claim:
1. A method for treating a chronic or persisting bacterial
infection, comprising:
administering to a subject having a chronic or persisting
bacterial infection comprising a population of
Pseudomonas aeruginosa and undergoing treatment
with an aminoglycoside antibiotic, an effective amount
of a composition containing fumarate, succinate, or
fumarate and succinate as active ingredients as an
adjuvant to potentiate the aminoglycoside antibiotic,
wherein the population of Pseudomonas aeruginosa com-
prises at least one persister cell and uses aerobic
respiration,
wherein the antibiotic effect of the aminoglycoside anti-
biotic in combination with fumarate, succinate or
fumarate and succinate is at least 2-fold greater than the
antibiotic effect of the aminoglycoside antibiotic when
administered alone,
thereby treating the chronic or persisting bacterial infec-
tion comprising Pseudomonas aeruginosa in the sub-
ject.
2. The method of claim 1, wherein the bacterial infection
is a hospital-acquired infection.
3. The method of claim 1, wherein the infection is
recurrent.
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4. The method of claim 1, wherein the subject having a
chronic or persisting infection comprising Pseudomonas
aeruginosa is an immunocompromised subject.

5. The method of claim 1, wherein the subject having a
chronic or persisting infection comprising Pseudomonas
aeruginosa has had an invasive medical procedure.

6. The method of claim 1, wherein the subject having a
chronic or persisting infection comprising Pseudomonas
aeruginosa has an in-dwelling medical device.

7. The method of claim 1, wherein the infection is a
nosocomial respiratory tract infection.

8. The method of claim 1, wherein the chronic or persist-
ing bacterial infection comprising Pseudomonas aeruginosa
is pneumonia or bronchitis.

9. The method of claim 1, wherein the chronic or persist-
ing bacterial infection comprising Pseudomonas aeruginosa
is pneumonia in a subject in intensive care and having a
ventilator.

10. The method of claim 1, wherein the bacterial infection
further comprises one or more species of Staphylococcus,
Escherichia, Proteus, Serratia, Citrobacter, Klebsiella, Aci-
netobacter, Enterobacter, Enterococcus, Burkholderia, Ach-
romobacter, and Stenotrophomonas.

11. The method of claim 1, wherein the bacterial infection
further involves infection of Streptococcus species or Myco-
bacteria.
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12. The method of claim 1, wherein the subject has cystic
fibrosis.

13. The method of claim 1, wherein the subject has
chronic obstructive pulmonary disease (COPD).

14. The method of claim 1, wherein the subject has
bronchiectasis.

15. The method of claim 1, wherein the chronic or
persisting infection comprising Pseudomonas aeruginosa is
a urinary tract infection.

16. The method of claim 1, wherein the chronic or
persisting infection comprising Pseudomonas aeruginosa is
a urinary tract infection caused by or at the site of a urinary
catheter.

17. The method of claim 1, wherein the aminoglycoside
antibiotic is gentamicin, tobramycin, amikacin, or strepto-
mycin.

18. The method of claim 1, wherein the aminoglycoside
antibiotic, and/or the composition containing fumarate, suc-
cinate or fumarate and succinate are administered by inha-
lation.

19. The method of claim 1, wherein the aminoglycoside
antibiotic or the composition containing fumarate, succinate
or fumarate and succinate are administered intravenously.

20. The method of claim 1, wherein the aminoglycoside
antibiotic is tobramycin and is administered with fumarate.

21. The method of claim 1, wherein the aminoglycoside
antibiotic is amikacin.

22. A method of inhibiting or delaying biofilm formation
or colonization on a biotic surface within a subject, the
method comprising contacting a surface comprising a popu-
lation of Pseudomonas aeruginosa with an effective amount
of an aminoglycoside antibiotic and an effective amount of
a composition containing fumarate, succinate or fumarate
and succinate to potentiate the aminoglycoside antibiotic,

wherein the population of Pseudomonas aeruginosa com-

prises at least one persister cell and uses aerobic
respiration,

wherein the antibiotic effect of the aminoglycoside anti-

biotic in combination with fumarate, succinate or

w
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fumarate and succinate is at least 2-fold greater than the
antibiotic effect of the aminoglycoside antibiotic when
administered alone,

thereby inhibiting or delaying biofilm formation by

Pseudomonas aeruginosa on the surface within the
subject.

23. The method of claim 22, wherein the biotic surface
within the subject a surface of an in-dwelling medical
device.

24. A method of treating a chronic or persisting bacterial
infection comprising a population of Pseudomonas aerugi-
nosa and associated with cystic fibrosis or pneumonia,
comprising administering an aminoglycoside antibiotic
selected from tobramycin and amikacin, and administering
an effective amount of one or more of fumarate and succi-
nate to potentiate the aminoglycoside antibiotic to a subject
having cystic fibrosis or pneumonia, and

wherein the population of Pseudomonas aeruginosa com-

prises at least one persister cell and uses aerobic
respiration,

wherein the antibiotic effect of tobramycin or amikacin in

combination with fumarate, succinate or fumarate and
succinate is at least 2-fold greater than the antibiotic
effect of tobramycin or amikacin when administered
alone,

thereby treating the chronic or persisting bacterial infec-

tion comprising Pseudomonas aeruginosa in the sub-
ject.

25. The method of claim 24, wherein the aminoglycoside
antibiotic, and the composition containing fumarate, succi-
nate, or fumarate and succinate are administered by inhala-
tion or intravenously.

26. The method of claim 24, wherein the chronic or
persisting bacterial infection comprising Pseudomonas
aeruginosa is associated with cystic fibrosis, the aminogly-
coside antibiotic is tobramycin, and fumarate is adminis-
tered to potentiate the tobramycin.

#* #* #* #* #*



